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ABSTRACT 
 
Characterization of petroleum spill site source zones directly influences the 
selection of corrective action plans and frequently affects the success of remediation 
efforts.  For example, simply knowing whether or not nonaqueous phase liquid (NAPL) 
is present, or if there is chemical storage in less hydraulically accessible regions, will 
influence corrective action planning. The overarching objective of this study was to 
assess if macroscopic source zone features can be inferred from dissolved concentration 
vs. time data.  Laboratory-scale physical model studies were conducted for idealized 
sources; defined as Type-1) NAPL-impacted high permeability zones, Type-2) NAPL-
impacted lower permeability zones, and Type-3) dissolved chemical matrix storage in 
lower permeability zones. Aquifer source release studies were conducted using two-
dimensional stainless steel flow-through tanks outfitted with sampling ports for the 
monitoring of effluent concentrations and flow rates. An idealized NAPL mixture of key 
gasoline components was used to create the NAPL source zones, and dissolved sources 
were created using aqueous solutions having concentrations similar to water in 
equilibrium with the NAPL sources.  The average linear velocity was controlled by 
pumping to be about 2 ft/d, and dissolved effluent concentrations were monitored daily. 
The Type-1 experiment resulted in a source signature similar to that expected for a 
relatively well-mixed NAPL source, with dissolved concentrations dependent on 
chemical solubility and initial mass fraction. The Type-2 and Type-3 experiments were 
conducted for 320 d and 190 d respectively.  Unlike the Type-1 experiment, the 
concentration vs. time behavior was similar for all chemicals, for both source types.  The 
magnitudes of the effluent concentrations varied between the Type-2 and Type-3 
 ii 
 
experiments, and were related to the hydrocarbon source mass.  A fourth physical model 
experiment was performed to identify differences between ideal equilibrium behavior and 
the source concentration vs. time behavior observed in the tank experiments.  Screening-
level mathematical models predicted the general behavior observed in the experiments. 
The results of these studies suggest that dissolved concentration vs. time data can be used 
to distinguish between Type-1 sources in transmissive zones and Type-2 and Type-3 
sources in lower permeability zones, provided that many years to decades of data are 
available.  The results also suggest that concentration vs. time data alone will be 
insufficient to distinguish between NAPL and dissolved-phase storage sources in lower 
permeability regions. 
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CHAPTER 1 INTRODUCTION 
 Problem statement 1.1.
It is established that petroleum products can infiltrate the subsurface through 
accidental releases.  Gasoline, diesel fuel, aromatic solvents, and aviation fuels are among 
those petroleum products documented as environmental pollutants released via leaking 
fuel tanks, ruptured pipelines, or improper chemical disposal (United States 
Environmental Protection Agency [USEPA], 1995; Lecomte and Mariotti, 1997).  These 
products are multicomponent mixtures of hydrocarbon chemicals and are immiscible with 
water.  Once in the subsurface, hydrocarbons can impact groundwater as they leach and 
volatilize from petroleum-impacted soils.  The remediation of these impacted sites is 
important to ensure public safety and environmental restoration (Cole, 1994).  The 
success of remediation is often dependent on the level of site characterization; 
specifically the delineation of the “source zone”.  For the purposes of this work “source 
zones” are regions of a spill site that contain the majority of contaminant mass and 
adversely impact groundwater quality.  This research is focused on source zone 
characterization, and in particular determining if conventional groundwater monitoring 
data can be used to infer the source type(s) present at a site.   
 Background  1.2.
Figure 1.1 represents a simplified conceptualization of typical petroleum-
impacted sites.  A petroleum product is spilled and the volume of the released fluid is 
large enough to migrate downward through the vadose zone and reach the water table.  
Petroleum mixtures are less dense than water, which allows them to spread horizontally 
along the groundwater table surface.  Vertical fluctuations in water elevation, either 
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natural or induced, will cause the NAPL product to distribute across a “smear zone” and 
be immobilized in the saturated zone of the aquifer under capillary forces.  The initial 
distribution of NAPL is highly dependent on the site geology, physical-chemical 
properties of the NAPL, the mechanisms of the spill release, and water table movements 
(American Petroleum Institute [API], 2003; Mayer & Hassanizadeh, 2005).   
 
 
Figure 1.1. Simplified conceptualization of petroleum spill site, including the presence of 
three source types defined for this study, Type 1-3. 
 
The figure defines three source types typically found at petroleum-impacted sites.  
The majority of petroleum liquid is likely to be initially distributed as NAPL within more 
permeable layers of the saturated zone (Type-1 source). As the water table fluctuates 
petroleum liquid may come in contact with lower permeability soil layers.  These lower 
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permeability materials have the potential to draw in NAPL if not fully saturated with 
water (due to wettability of NAPL in the presence of air) (Mayer & Hassanizadeh, 2005, 
p. 50).  As the rising water level re-saturates the lower permeability material, NAPL 
becomes trapped and consequently a Type-2 source zone is created (lower permeability 
matrix NAPL storage).   With time, the Type-1 source zone will dissolve into the 
groundwater flowing through it and establish a hydrocarbon plume.  Eventually impacted 
water will surround lower permeability layers, and dissolved chemicals will diffuse from 
the plume into these zones.  This diffusion-loading effect will proceed until 
concentrations equilibrate between the transmissive and no-flow regions.  This process 
consequentially creates Type-3 source zones (lower permeability matrix dissolved 
chemical storage).  The diffusion loading of lower permeability layers via dissolved 
phase plumes is acknowledged in study and referenced in literature (Mackay and Cherry, 
1989; API, 2003; Farhat, de Blanc, Newell, and Adamson 2013). 
As impacts of the Type-1 source diminish, either by remediation or natural 
dissolution, impacts will continue as a result of diffusive releases from the Type-2 and 
Type-3 sources as shown in Figure 1.2. The release of dissolved chemicals from the 
Type-3 source is commonly referred to as “back-diffusion”. Research has focused on the 
dissolved phase storage in lower permeability units and secondary porosity at chlorinated 
solvent spill sites. For example, results presented by Ball et al. (1997), Liu and Ball 
(2002), and Chapman and Parker (2005) document back diffusion at chlorinated solvent –
impacted field sites.  For petroleum spill sites, Sale et al. (2008) describe the effects of 
back-diffusion from silty layers for sustaining dissolved concentrations of methyl-tert-
butyl-ether (MTBE) (a fuel oxygenate) and chlorinated compounds tetrachloroethylene 
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(PCE) and trichloroethylene (TCE) in flow zones, using two-dimensional tank 
experiments and analytical modeling. Furthermore, Rasa et al. (2011) recently used field 
data and numerical modeling to address back diffusion at a gasoline petroleum-impacted 
site with a MTBE and tert-butyl-alcohol (TBA) plume. Results showed that dissolved 
MTBE diffused into silt layers during initial plume development.  The MTBE was 
partially transformed to TBA through anaerobic processes within the silt layers. After the 
initial source was removed via excavation, MTBE and TBA in the silt layers was found 
to continue to contribute to groundwater impacts. 
 
 
Figure 1.2. Simplified conceptualization of diffusive contributions from Type-2 and 
Type-3 sources to groundwater impacts. 
 5 
 
 
The characterization of petroleum source zones directly influences remediation 
decisions.  For example, knowing whether NAPL is present (Type-1 and Type-2 
sources), or whether chemical storage exists in lower permeable zones (Type-2 and Type-
3 sources), will influence corrective action planning.  A Type-1 source zone may be 
cleaned up cost-effectively using conventional treatment methods (such as soil vapor 
extraction, bioremediation, chemical oxidation, etc.), while Type-2 and Type-3 source 
remediation technologies are more challenging.  Clifton (2008) and Cavanagh (2014) 
studied interface treatment as a possible remediation option for those settings.  
It is often difficult to adequately determine the extent and phase of hydrocarbon 
storage by conventional sampling plans due to the inherent complexity in NAPL 
distribution, soil heterogeneity, and hydrogeological flow paths.  Inadequate source 
characterization can lead to failed or expensive remediation efforts (USEPA, 1995; 
Mayer and Hassanizadeh, 2005; Interstate Technology and Regulatory Council [ITRC], 
2009).  Developing a better understanding of how each of the source types contributes to 
groundwater impacts would be useful for conceptualizing petroleum spill sites and 
creating cost-effective corrective actions plans. 
This study assesses whether commonly-collected, dissolved concentration vs. 
time data can be used to infer source zone characteristics.  The dissolved chemical 
concentration vs. time data from a source zone is herein referred to as a “source 
signature”.  The concept of utilizing trends in groundwater concentrations for source 
characterization has been looked at before but under a different approach and purpose 
than presented in this study.  Powers et al. (1997) completed work that used a 
multivariate data analysis approach to extract reoccurring patterns in groundwater 
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chemical data at a petroleum-impacted site.  The study was similar to this project but was 
confined to field site analysis and did not consider trends in long term concentration vs. 
time data as is done in this work.  Furthermore the study aimed to establish the extent of 
groundwater contributions from the field site’s multiple NAPL source zones (including 
gas-tar, coal-tar, and gasoline), and was not concerned with determining the type of 
source (i.e. NAPL in transmissive zone, or dissolved storage in a low flow zone) 
contributing to groundwater concentrations. 
 Current knowledge of petroleum source signatures 1.3.
Past studies offer insight into what petroleum source signatures may look like and 
reveal a data gap in the published literature that validates the objectives of this work.   
Research has been conducted to understand the dissolution of petroleum-NAPL 
sources in high-flow zones (Type-1 source).  Mackay et al. (1991) showed that dissolved 
concentrations of chemical components in impacted groundwater are functions of the 
NAPL source composition with time. Later studies used one-dimensional flow-through 
experiments, in conjunction with model development, to assess the dissolution of residual 
NAPL mixtures in porous media (Rixey et al. 1991; Borden and Kao, 1992; Geller and 
Hunt, 1993; Rixey, 1996).  These studies focused on NAPL mixtures containing only a 
few hydrocarbon components of interest, such as benzene, toluene, ethylbenzene, and 
xylenes (BTEX) and focused on simulating petroleum fuel dissolution.  Garg and Rixey 
(1999) used column experiments to empirically determine the dissolution of BTEX and 
naphthalene compounds from a relatively insoluble host compound (tridecane).  This 
study looked to more accurately replicate the dissolution of hydrocarbon compounds 
from petroleum NAPL zones, which are primarily composed of insoluble components.  
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Studies including but not limited to (Nambi and Powers, 2000; Saba and Illangasekare, 
2000; Saenton et al. 2002), have analyzed the effects of flow dimensionality, source 
heterogeneity, and relative permeability on NAPL dissolution using two-dimensional 
physical models.  While not focused on source zone characterization, the results from the 
published works have collectively described characteristics of Type-1 petroleum source 
signatures; the most soluble components will be released from a NAPL source first and 
dissolution rates are chemical dependent in most scenarios. 
Knowledge of Type-2 and Type-3 source signatures is limited.  Work completed 
by Clifton (2008) studied the reduction of hydrocarbon emissions from an idealized two-
component NAPL source trapped in a lower permeability layer, by manipulating 
dissolved oxygen (DO) concentrations at the transmissive/no-flow interface.  The study 
used two-dimensional tank models and a NAPL mixture containing benzene dissolved in 
a less-soluble host compound indane.  Dissolved concentrations were measured with time 
as levels of DO were manipulated.  Concentrations measured during anoxic conditions 
give insight into what concentration vs. time profiles might constitute a Type-2 source 
signature.  Specifically, indane and benzene concentrations dropped sharply after the start 
of experimental flow and began to reach steady levels with time.  The concentration 
profiles paralleled one another and did not exhibit differential depletion.  This study 
provides insight into the release of one chemical from a low-solubility host compound 
but does not describe the concentration vs. time signature of a multicomponent NAPL 
mixture trapped in a lower permeability matrix.   
Work completed by Cavanagh (2014) provides data that illuminates details of a 
Type-3 source signature.  The research focused on reducing petroleum hydrocarbon 
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emissions from a dissolved source trapped in a lower permeability matrix, through in situ 
chemical oxidation treatments (ISCO).  The project used a two-dimensional tank similar 
to that employed by Clifton (2008).  The tank was half filled with a lower permeability 
material, which was saturated with a dissolved hydrocarbon mixture of BTEX and MTBE 
compounds.  Water flowed through an overlaying clean sand zone, and emissions were 
measured with time.  A control experiment was operated to establish emissions under 
natural conditions, and a separate experiment was completed to determine the reduction 
in emissions after ISCO treatments.  The concentrations measured in the control 
experiment revealed characteristics of a Type-3 source signature.  Concentrations 
dropped after the start of flow, and then began to level out with time.  Profiles were 
similar between chemicals and release rates did not seem to depend on chemical 
solubility like the NAPL dissolution experiments previously referenced.  
As discussed, previous research works allow inferences to be made concerning 
the concentration vs. time behavior of each type of source signature.  However no studies 
have empirically determined the dissolved concentration signatures of all three idealized 
petroleum source types for source zone characterization purposes.  Furthermore, while 
past studies give insight into the potential descriptors of each source signature, no work 
has collectively developed signatures while ensuring that starting source compositions 
and experimental methods were similar between studies so that differences in source 
signatures could be attributed to source type rather than composition or experimental 
methods. 
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 Objectives and scope of work 1.4.
The overarching objectives of this project were to gain a better understanding of the 
release of dissolved chemicals from the three general types of sources most often found at 
petroleum spill sites: NAPL-impacted transmissive zones, NAPL matrix storage in low 
flow zones, and dissolved chemical matrix storage in low flow zones.  This was 
accomplished through physical model studies and proof-of-concept one-dimensional 
analytical modeling.  It is expected that improving our understanding of these will lead to 
more cost-effective decision making at petroleum spill sites, especially as it pertains to 
the formulation and execution of corrective action plans to address unacceptable 
groundwater impacts.  For example, it is likely that all three of these source types will be 
present initially at many sites and it is possible that the most cost-effective corrective 
action plans will involve a sequence of treatments specific to each source type, rather 
than prolonged application of a single technology until an acceptable performance 
endpoint is reached.   
This research project used two-dimensional laboratory-scale physical model studies 
to identify differences in the release signatures (concentration and composition vs. time) 
of chemicals from the three source types previously discussed and shown in Figure 1.1.  
By using idealized petroleum mixtures and experimental conditions scaled to be 
representative of typical petroleum spill sites, these physical model studies were purposed 
to gain a better understanding of the release of dissolved chemicals.  The dissolved 
chemical concentrations vs. time are compared with a fourth physical model that 
simulates the equilibrium partitioning base case so that the effects of mass transfer 
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processes on the release signatures are identified.  The four physical models used are as 
follows:  
a) A homogeneous setting having NAPL trapped at residual concentrations in a 
transmissive zone (Type-1 source), 
b) A layered setting having NAPL trapped in the lower permeability zone and 
flow through the higher permeability zone (Type-2 source), 
c) A layered setting having dissolved chemicals uniformly distributed in the 
lower permeability zone and flow through the higher permeability zone 
(Type-3 source), 
d) A well-mixed vessel that contacts NAPL with water, and retains the NAPL 
while allowing water to flush in and out, to produce the equilibrium 
partitioning base case data 
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CHAPTER 2 MATERIALS AND METHODS 
  Experimental Design Overview 2.1.
 Physical model experiments were conducted for four source types as outlined in 
Chapter 1.  The signatures for source Types-1, 2, and 3 were developed using flow-
through tanks, while a sequential batch equilibrium partitioning experiment was 
conducted using a small bench-scale apparatus. The design and operation of this bench-
scale experiment will be discussed in a later chapter.  The methods and operation of the 
flow-through tank studies are developed in this chapter.   
The two-dimensional physical model experiments were completed in stainless 
steel tanks with approximate external dimensions, 4-ft wide x 4-ft tall x 4-in thick.  The 
tanks were outfitted with a 3-ft x 3-ft Plexiglass window to provide visual observation 
into the interior elements during experimentation.  Sampling ports were drilled through 
the Plexiglass so that water samples could be collected at desired locations.  Two types of 
soil were used: high permeability sand and a lower permeability sand mixture.  The 
Type-1 physical model experiment was packed completely with the higher permeability 
sand.  The Type-2 and Type-3 experiments contained both soil materials in a similarly 
layered system: the lower permeability soil filled the bottom half of the tank and the 
higher permeability sand filled the top half of the tank.  Because of the roughly 1000X 
permeability contrast between soil types, water primarily flowed through the higher 
permeability sand layer in each experiment.  Petroleum hydrocarbon mixtures were added 
to the experiments using procedures specific to the source type studied.   
After being packed with dry soil, the tanks were completely saturated with 
deoxygenated water.  During flow-through operation deoxygenated water was supplied to 
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each tank from a nitrogen gas-sparged reservoir via a constant flow pump.  Water entered 
the tanks through a well screen on one side, flowed horizontally, and then exited through 
a well screen on the opposite side.  An adjustable hydraulic head device on the effluent 
side of the tanks controlled water table levels.  Influent water was routinely analyzed for 
dissolved oxygen concentration, flow rate, and water temperature.  The tanks’ interior 
water was measured periodically (using the aforementioned sampling ports) for dissolved 
hydrocarbon concentrations.  Effluent water was analyzed for dissolved hydrocarbon 
concentrations, dissolved oxygen concentration, flow rate, and water temperature. 
The Type-1 physical model experiment was completed first, the Type-2 
experiment was completed second, the Type-3 experiment was completed third, and the 
equilibrium bench experiment was completed last. 
 Materials Selection (Soil, Water, and Petroleum Hydrocarbons) 2.2.
2.2.1. Aquifer materials.  Two soil types were selected for use and are classified in 
the following Tables 2.1 and 2.2.   Note that defining soil characteristics were determined 
using ASTM standard guidelines and common laboratory methods. 
Washed play sand was selected to create transmissive layers in the tank 
experiments. The play sand contained a relatively high hydraulic conductivity consistent 
with coarse-fine sand mixtures (Coduto, 1999, p.222).  The play sand was purchased in 
50 lb bags, spread on large mats, and tilled until air dried.  Complete drying of the sand 
usually took around one week.  Once dried, the play sand was sieved, and that portion 
retained on a #50 sieve was used for the physical model experiments.   
The second soil material was a designed mixture of two fine sands.  For the 
purposes of the Type-2 and Type-3 physical model experiments, it was important to have 
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two soil layers with contrasting permeability.  Specifically a hydraulic conductivity 
contrast of 10
-3
 cm/s was desired so that groundwater flow would only be significant 
through the higher permeability layer.  A mixture of 80% feldspar and 20% silica sand 
was designed and resulted in a desirable hydraulic conductivity of approximately 6x10
-5
 
cm/s.  This conductivity is consistent with silty, clayey-sand deposits (Coduto, 1999, 
p.222).  The feldspar and silica sand was mixed in the concrete hopper shown in Figure 
2.1 for a minimum of four hours to ensure uniform mixing.   The hopper was operated by 
a 0.5 HP/ 1680-1790 RPM motor.  This mixture of fine sands was created, as opposed to 
using a clay material, because preliminary laboratory tests revealed clay to be a difficult 
soil to use in the physical model experiments.  Specifically it was difficult to pull water 
samples from a saturated clay layer, and it was important that the experimental soil be 
able to yield water through all sampling ports.   
 
 
Figure 2.1. Concrete hopper used for all soil material mixing. 
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Table 2.1. 
Aquifer Material Description and Hydraulic Conductivity 
Aquifer 
Material 
Material Description  
Grain Size 
Distribution
a        
diameter (mm) 
Hydraulic 
Conductivity
b 
(cm/s) 
Vendor 
Play sand 
Quikrete washed and dried “play 
sand”, sold in 50 lb. bags, sieved and 
retained on 50-mesh screen before use 
99.9% sand, 
#50 mesh,                        
0.3 < d < 0.43 
7.9x10
-2
 
Lowe's Home 
Improvement  
Tempe, AZ  
Silica-
feldspar 
sand 
mixture 
80% 120-mesh Gillibrand feldspar 
and 20% 200-mesh Oglebay Norton 
silica, feldspar sold in 100 lb. bags, 
silica sold in 50 lb. bags, sands mixed 
in concrete hopper in 4-hour batches 
80% sand and 
20% fines, #120 
and #200 mesh,           
d < 0.3 
5.9 x10
-5
 
Aggregate 
Products Co., 
Inc.   
Glendale, AZ 
a
 the grain size distribution was determined using standard (ASTM D 422, 2007) 
b
 the hydraulic conductivity was determined using a both a constant head and falling head method for the 
play sand. The falling head test method was performed on the lower conductivity sand mixture (ASTM 
D 2434, 2006; Coduto, 1999; Sharma & Reddy, 2004) 
 
 
Table 2.2. 
Aquifer Material Physical Properties 
Aquifer 
Material 
 Experimental use 
Dry Soil Bulk 
Density
a
 
[g/cm
3
] 
Porosity
b
 
[volume-voids/ 
volume-soil] 
% Fraction of 
Organic Carbon
c
 
[g-OC/g-soil] 
 
Play sand 
Higher permeability 
material 
1.61-1.66 0.37 0.25 
 
Silica-feldspar 
sand mixture 
Lower permeability 
material 
1.63-1.7 0.34 0.20 
 
a
 the soil bulk density was estimated by measuring a the volume and mass of packed soil in a graduated 
cylinder  
b
 the porosity was estimated by measuring the volume of water it took to saturate a volume of soil in a 
graduated cylinder  
c
 the fraction of organic carbon was determined following ASTM standard  D2974  (2013) 
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2.2.2. Water used for physical model experiments.  The physical model 
experiments were operated under continuous flow conditions.  This required a reservoir 
of feed water to supply each experiment during operation.  Large, 40-L Nalgene bottles 
were used as feed jugs and were refilled manually when supply levels lowered.  
Experiments were conducted in two separate laboratories over the course of the research 
project and were therefore supplied from two separate water systems (this was not a 
design aspect of the study, but rather a result of a laboratory move).  The Type-1 physical 
model experiment was supplied with distilled water, while the remaining physical model 
experiments were supplied with reverse osmosis water.  This research study required that 
no biologic influences affect the signatures of the respective source experiments.  
Measures were taken to ensure that no aerobic or anaerobic degradation took place.  First, 
both water supplies were checked for inorganic ions which could act as electron 
acceptors and cause anaerobic degradation of hydrocarbons; such as sulfate and nitrate 
(Sharma & Reddy, 2004, p.190). Water samples were collected from the laboratory tap 
lines and run using a Dionex Ion Chromatograph (IC), model DX-120.  No ions of 
concern were detected in either water supply.  Second, all water was deoxygenated using 
a nitrogen sparging system prior to being pumped into the experiments.  To achieve this, 
feed water (with dissolved oxygen concentration near 8 mg DO/L-water) was pumped 
through a PVC tube circuit (sparging device) that contained a nitrogen bubbler.  Nitrogen 
was continuously bubbled into the sparging device at a flow rate of 80 cc/min.  This flow 
rate was selected, using a trial and error process, so that the water exiting the system was 
consistently deoxygenated (DO < 1 mg/L-water).  Once the water exited the sparging 
system, it was pumped into the respective tank experiment. 
 16 
 
 
2.2.3. Petroleum hydrocarbons.  Components and source compositions were 
selected after consideration of typical chemicals of interest and the composition of 
gasoline.  An idealized component mixture was used to create each experimental source 
so that petroleum releases could be simulated while simplifying the chemical analyses (as 
opposed to using a pure petroleum mixture like gasoline or diesel fuel).  Chemicals most 
likely to occur in the dissolved phase at petroleum-impacted sites were identified by 
multiplying all compounds’ pure-phase solubilities by their respective mole fractions in a 
fresh gasoline mixture (Johnson, Kemblowski, & Colthart, 1990).  Selected components 
included relatively soluble compounds such as benzene and toluene mixed with a 
relatively insoluble octane.  Table 2.3 lists all chemicals studied and their published mole 
fractions in fresh gasoline.  The table also notes which chemicals were used in the 
respective source experiments.  Table 2.4 details their chemical properties.   
 
Table 2.3. 
Chemical Fractions in Gasoline and Chemicals Used in Source Studies 
 
Chemical 
Mass 
Fraction 
Fresh 
Gasoline
a
 
Mole 
Fraction 
Fresh 
Gasoline
a
 
Type-1 
Experiment 
Type-2 
Experiment 
Type-3 
Experiment 
Equilibrium 
Experiment 
Isopentane 0.1049 0.1384 X 
   
MTBE NA NA X X X X 
Benzene 0.0076 0.0093 X X X X 
Cyclohexane 0.0000 0.0000 
  
X 
 
Toluene 0.0550 0.0568 X X X X 
Octane 0.0013 0.0011 X X 
 
X 
Ethylbenzene NA NA X X X X 
p-Xylene 0.0957 0.0858 X X X X 
o-Xylene 0.0000 0.0000 X X X X 
n-Propylbenzene 0.0841 0.0666 X X X X 
1,3,5 TMB 0.0411 0.0325 X X X X 
a
 (Johnson et al., 1990) 
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Both MTBE and ethylbenzene were not listed as components in fresh gasoline in 
the referenced study, and o-xylene was listed as having a negligible mass fraction.  These 
chemicals have since become constituents of interest at petroleum impacted sites and 
were added for this project.  Note that not all of the components listed were used in each 
source experiment.  Isopentane was included in the Type-1 source experiment because of 
its significant fraction in gasoline and its high Henry’s constant (relative to the other 
compounds besides octane); to test if the volatility of the chemical might affect its 
resulting source signature.   
 
Table 2.4. 
 
Chemicals Studied and their Referenced Properties 
 
 
Chemical 
Chemical 
Formula 
CAS 
Reference 
Number 
Mw         
[g/mole] 
Density     
[g/ml] 
Solubility         
[g/ ml-
water] 
Kow                                
[L-water/ 
L-oct] 
Henry's 
Constant              
[L*atm/ 
mole] 
Isopentane C5H12 78-78-4 72.2
a
 0.62
b
 48
c
 1698
d
 1380
a
 
MTBE C5H12O 1634-04-4 88.2
b
 0.74
b
 42000
b
 12.9
e
 0.69
b
 
Benzene C6H6 71-43-2 78.1
c
 0.88
c
 1780
c
 135
c
 5.50
f
 
Cyclohexane C6H12 110-82-7 84.2
c
 0.79
c
 55
c
 2754
d
 178
f
 
Toluene C7H8 108-88-3 92.1
c
 0.87
c
 515
c
 490
c
 6.80
f
 
Octane C8H18 111-65-9 114.2
c
 0.70
c
 0.7
c
 151360
f
 2950
f
 
Ethylbenzene C8H10 100-41-4 106.2
c
 0.87
c
 140
c
 1413
c
 7.90
f
 
p-Xylene C8H10 106-42-3 106.2
c
 0.86
c
 198
c
 1413
c
 5.70
g
 
o-Xylene C8H10 95-47-6 106.2
c
 0.88
c
 175
c
 589
c
 5.56
g
 
n-Propylbenz C9H12 103-65-1 120.2
c
 0.86
c
 60
c
 4786
c
 9.77
f
 
1,3,5 TMB C9H12 108-67-8 120.2
c
 0.87
c
 73
a
 2630
d
 8.31
f
 
a
 (Mackay & Shiu, 1981), 
b
 (Mackay, Shiu, & Ma, 1993), 
c 
(Vershcueren, 1983), 
d
 (Hansch & Leo, 1979), 
e
 (Ames & Grulke, 1995),
f 
(Schwarzenbach, Gschwend, & Imboden, 1993), 
g
 (Mackay, Shiu, & Ma, 1992) 
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During the design of the Type-2 source experiment mixture (see Appendix C) it 
was determined that isopentane was too difficult to work with to keep it in the remaining 
source experiments.  It had the highest vapor pressure of any of the chemicals and rapidly 
partitioned to the vapor phase from the pure NAPL phase, making it difficult to control 
while working with NAPL solutions.  Isopentane was omitted for the Type-2 source 
experiment and in turn octane represented the component with a high Henry’s constant.  
For the Type-3 source experiment, octane was removed due to its high retardation factor 
(the significance of this will be explained in more detail later in this chapter).  With 
octane’s absence, cyclohexane was chosen as a substitute component that contained a 
relatively high Henry’s constant but still retained a reasonable retardation factor.  
Cyclohexane is listed to have a negligible mass fraction in gasoline but was selected as 
the best alternative to octane. The mixture of chemicals used in the equilibrium-
partitioning experiment was chosen to mimic the Type-1 experiment (minus isopentane). 
 Physical Model Tank Design 2.3.
2.3.1. Main tank components.  The flow-through tanks used for the source 
experiment studies were two-dimensional models with interior dimensions of 46-in width 
x 47-in height x 2.37-in depth, and an overall volume capacity of 2.96 ft
3
 (83.8 L).  The 
main bodies were constructed of stainless steel and were joint-welded to hold water under 
pressure.  Threaded ports were tapped into the side and bottom walls of the tank, where 
pipe/tubing fittings were easily connected.  The tops were outfitted with stainless steel 
lids, which were sealed using rubber gaskets and several stainless bolts.  As previously 
mentioned, the tanks were designed with a front pop-out lip that held a piece of 3-ft x 3-ft 
x 0.5-in thick Plexiglass.  The Plexiglass was purchased from Professional Plastics Inc. of 
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Phoenix, AZ and was clear-cast acrylic.  This material was chosen instead of traditional 
glass, because it enabled drilling for threaded sampling/injection ports and was safer 
under pressure once the experiments were packed with soil material.  A 3/8-in rubber 
weather stripping, with sticky backing, was lined around the tank windows prior to 
adding the Plexiglass.  This ensured that an impermeable seal would be created between 
the Plexiglass and tank, preventing any water leakage.   
 Sampling/injection ports were drilled into the Plexiglass for each tank.  The 
number and location of ports was unique to each experiment; with respective port layouts 
chosen so that enough sampling locations were present at significant spots to effectively 
monitor the internal dissolved concentrations of each source.  The fittings used were 
brass, 1/4-in Swagelok NPT, and were sealed using Thermolite septa plugs.  The septa 
plugs allowed needles to penetrate into the ports during sampling/injecting, and resealed 
after being punctured.  The sampling port threads were lined with Teflon pipe tape to 
prevent leaking through the Plexiglass holes.   
 Each tank was suspended on a large metal frame that allowed for rotation on a 
centeral axis.  This feature was useful when emptying soil out of the tanks at the end of 
experiments.  Each tank frame was fitted with heavy-duty casters, so that entire apparatus 
could easily be wheeled when needed. Figure 2.2 presents a photo of a tank system fitted 
with a Plexiglass window. 
2.3.2. Tank plumbing and external devices.  Each tank experiment was outfitted 
with a system of pumps, reservoirs, tubing lines, valves, and sampling ports.  Masterflex 
peristaltic pumps were used to circulate water from the feed jugs, through the nitrogen 
sparging systems, and into the tanks.  The pumps were standard-drive units and were 
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purchased from Cole Parmer Instrument Co.  Masterflex Norprene tubing was used to 
connect pump heads to clear 1/4-in poly-tubing; which carried water to and from system 
components.   
 Deoxygenated water was supplied to each tank via a constant-flow peristaltic 
pump and entered through a brass, bore-through Swagelok port.  Each influent port was 
connected to a 1/4-in Geoprobe soil-gas implant, which acted as the influent well screen 
inside the tanks.  The tank flow rates were adjusted to achieve an average linear velocity 
near 2 ft/d across the higher permeability sand, which was selected after considering 
projected experimental time frames and typical real-site conditions (Todd and Mays, 
2005, p.104).  Another 1/4-in Geoprobe implant was situated at the far right interior of 
the tank, and acted as the effluent well screen.  The effluent screen transferred water 
through a similar Swagelok port and up to a hydraulic head device.  Each hydraulic head 
device was designed so that the effluent tank water flowed from the tank and up through 
an overflow weir.  The position of the weir could be adjusted to manipulate the water 
elevation inside the experiment. Once the effluent water was released over the weir, it 
was pumped to a hazardous waste container and disposed of by ASU Environmental 
Services. Figure 2.2 shows the position of the influent and effluent tubing, as well as the 
hydraulic head device. 
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Figure 2.2. Physical model tank apparatus with fittings and external hardware  A) 
nitrogen sparging PVC device B) location of left pivot joint where tank is connected to 
metal frame C) approximate location of influent tubing supplying water to the system D) 
Plexiglass window front outfitted with brass Swagelok sampling ports E) approximate 
location of tubing draining effluent water from the system F) ports in the bottom of the 
tank that are used for vertical flooding after tank packing G) metal frame that supports 
tank H) controllable hydraulic head device.   
 
Note that sampling ports and valves were installed on both the influent and 
effluent ends of the tank.  This allowed flow to be stopped at either spot, and for water 
samples to be easily collected.  Plastic push-connect valves were used in these locations 
so that tubing could be disconnected if needed.  Influent and effluent PVC pipe sample-
tubes were designed to fit a YSI 550 dissolved oxygen (DO) probe.  Water was directed 
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through these tubes, using three way ball valves, and the probe was used to measure 
water temperature and DO concentrations.  A 1-Liter Tedlar bag was connected to an 
opening in the tanks’ top lids so that vapor samples above the water table could be 
collected if needed. 
 Experiment Startup and Source Zone Creation Methods 2.4.
A unique procedure was developed to create each source type.  The following 
subsections detail the procedures for the Type-1, 2, and 3 source experiments. 
2.4.1. Type-1 Experiment Startup.   The Type-1 source experiment utilized a tank 
model, play sand, and a 10-component NAPL mixture, to create a homogeneous setting 
with NAPL trapped at residual concentrations in a transmissive zone.  The NAPL mixture 
was added to the tank via syringe injections through the Plexiglass injection ports. 
2.4.1.1. Tank Packing and Saturation.  Approximately 30 gallons of play sand was 
staged in 5-gallon painter’s buckets near the empty tank.  The tank was packed 
completely with play sand except for the top seven inches.  This section was packed with 
a layer of pea pebbles to minimize the capillary fringe above the primary flow zone. The 
sand and pebbles were poured into the tank through the top opening and compacted by 
vibration using rubber mallets. Water was initially added to the tank by upward flooding 
through ports located in the base of the tank.  Feed water was stored in a large Nalgene 
container, outfitted with a bottom spigot.  It was placed on top of a lab rack, and its 
elevation allowed water to gravity feed into the tank under a hydraulic head.  This was 
done slowly to minimize gas trapped during the flooding.  
2.4.1.2. Creation of the NAPL Source Zone.   The source zone was created using a 
50 mL NAPL solution.  The 10-component NAPL mixture was representative of 
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gasoline, with mass fractions similar to those listed in Table 2.3.   The source injection 
volume was selected after a series of injection/visualization tests were performed in an 
investigation tank.  The injection tests are discussed in Appendix B.  The source was 
created by a series of 5 and 10 mL injections of NAPL through ports in the Plexiglass 
window.  The water level in the tank was raised and lowered to distribute the NAPL 
vertically over an approximately 30-cm tall x 10-cm wide target area.  The starting source 
composition and distribution are discussed in Chapter 3.  
2.4.2. Type-2 Experiment Startup. The Type-2 physical model experiment 
represented a source zone that included NAPL storage in a lower permeability matrix, 
overlaid by a clean transmissive zone.  An idealized NAPL solution was mixed with the 
lower permeability sand prior to tank packing.  This source material was poured into the 
tank during the packing process. 
2.4.2.1. NAPL Mixture Design and Preparation.  A NAPL mixture was designed to 
achieve post-packing mass fractions within the NAPL-impacted source zone similar to 
those for the Type-1 source experiment.  This was done so that any differences in the 
effluent signatures between the Type-1 and Type-2 source experiments, would not be 
attributable to varying source-zone compositions.  This was difficult to achieve because 
the Type-2 source creation process involved losses by volatilization, whereas the process 
for creating the Type-1 source did not.  Theoretical calculations and empirical tests were 
conducted to predict the losses during each mixing/packing stage, so that the NAPL 
mixture could be designed to compensate for those losses.  Appendix C contains a 
detailed description of the empirical bench tests conducted and calculations used.  
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Chapter 4 includes the composition of the idealized NAPL mixture used to prepare the 
Type-2 source. 
2.4.2.2. Source Material Mixing and Packing Process.  The feldspar/silica sand 
mixture was used for the lower permeability region of the experiment, and the top 4 
inches of the lower permeability region were spiked with NAPL (this was the source zone 
of the experiment). The overlying transmissive zone was created with the same clean play 
sand used in the Type-1 physical model experiment, and pebbles were again used to 
create a capillary beak in the top of the tank.  The soil layers were created by pouring the 
material into a funnel positioned at the top of the tank’s opening.  The bottom of the 
funnel fed an attached 1.5-inch diameter PVC-pipe.  This funnel-pipe system was moved 
side to side across the tank so that the material filled in an even manner (see Figure 2.3).  
Once the required amount of material had been delivered for a given layer, the material 
was packed down vertically using a wooden board.  At the same time, the tank was 
vibrated by banging the sides with a rubber mallet.   
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Figure 2.3. Physical model tank during packing procedure and funnel-pipe system. 
 
The procedure for mixing the lower permeability material with the NAPL liquid was 
developed by Clifton (2008) and modified for this experiment.  The mixing and packing 
procedure used to create the Type-2 source was completed within 40 minutes.  The 
following list summarizes the procedure in four separate stages. 
· Stage A:  The concrete hopper- The NAPL mixture and lower permeability sand 
were added into the concrete hopper (Figure 2.1) and the mouth of the concrete 
mixer was immediately covered with two layers of heavy-duty aluminum foil to 
prevent hydrocarbon volatilization. The NAPL volume and composition added 
were based on the desired total hydrocarbon concentration [mg-NAPL/kg-soil] 
and calculation steps outlined in Appendix C.  The volume of sand added to the 
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mixture was enough to create the 4-in thick NAPL source layer in the tank 
experiment.  The mixer was turned on for 30 minutes. 
· Stage B:  The metal carrying bucket- After mixing, the NAPL-spiked sand was 
scooped into a clean, 3-gallon metal bucket.  The bucket was immediately 
capped with a metal lid and sealed with a ring clamp. Once sealed, the bucket 
was transferred near the tank and staged for packing.  
· Stage C:  Dry sand packed in tank- Once it was time to add the source material, 
the metal bucket was opened.  The NAPL-spiked soil was poured into the tank 
using a metal scoop and funnel. 
· Stage D:  Saturated sand in tank- After the NAPL-spiked soil was packed into 
the 4-in source-zone layer, and the remainder of the tank was packed with clean 
high permeability sand and pea gravel, the tank lid was secured shut. The tank 
was then saturated using the same gravity feed system from the Type-1 source 
experiment. 
Three soil samples were collected at each stage, A-C, to track chemical mass losses 
during the mixing process.  Soil samples were not collected for Stage D because the tank 
was completely sealed and saturated at that point. The samples were analyzed by 
methanol extraction and GC-FID analysis.  Appendix A details the process taken to 
prepare and analyze soil samples. The averaged results for Stage C are summarized in 
Chapter 4. 
2.4.3. Type-3 Experiment Startup.  The Type-3 physical model experiment 
represented a source where dissolved-phase hydrocarbon was trapped in a lower 
permeability zone, and overlaid by a clean transmissive zone. The tank was packed with 
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clean soil and saturated prior to the introduction of chemicals.  After saturation, a feed 
solution containing desired dissolved hydrocarbon concentrations was gravity-fed from 
the bottom up into the lower permeability soil to create the dissolved-phase source zone. 
2.4.3.1. Tank Packing and Saturation.  The same soil materials used in the previous 
tank experiments were used to pack this tank: the feldspar/silica mixture filled the lower 
permeability region and the play sand filled the higher permeability flow zone.  Pebbles 
were again used to break the capillary zone in the top of the tank.  Material was added to 
the tank using the previously-described scoop and funnel system, and the tank was 
packed using tamping and vibration as detailed for the Type-2 experiment.  Once packed, 
the dry soil material was saturated using the same gravity feed system employed for the 
previous tanks. 
2.4.3.2. Source Zone Creation Procedure.  The Type-3 experiment was designed 
and developed so that the dissolved concentrations in the source zone would be similar to 
those measured during the Type-1 and Type-2 physical model studies.  As previously 
stated, this was to ensure that any differences in effluent signatures between experiments 
could not be attributed to varying source zone compositions. Chapter 5 contains a 
summary of the dissolved concentrations in the Type-1 and Type-2 experiments and the 
starting dissolved concentrations that were established as goals for the Type-3 source 
zone. 
Note that octane was replaced with cyclohexane for this experiment. This was 
done after consideration of results from the Type-1 source study, where it was revealed 
that octane moved slower relative to the bulk water front.  This behavior was 
characterized by calculating the chemical’s retardation factors.  The retardation factor, R, 
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is a quantity that predicts the speed of a chemical’s migration relative to water flow; 
assuming local equilibrium partitioning between dissolved, sorbed, and vapor phases 
during transport: 
 
R=1+ 
H?v?m + ?ρb?Ks?m   (Eq. 2.1) 
Where:  
H [volume-water/volume-vapor] = Henry’s constant 
ρb [mass-soil/volume-soil] = soil bulk density 
 ?m [volume-water/volume-total] = moisture-filled void fraction? 
 ?v [volume-vapor/volume-total] = vapor-filled void fraction  
Ks ?volume-water/mass-soil] = sorption partitioning coefficient? 
 
Retardation factors were estimated using published ranges of Henry’s constants 
and sorption coefficients for the chemicals used in these experiments, and varying other 
quantities across reasonable ranges for the conditions within the tank. Please refer to 
Chapter 3 for more discussion on retardation factors of the chemicals used in this study.  
It was anticipated that octane’s high retardation factor (20-30) would cause the source 
zone flooding process to take an exceptionally long time (20-30 times longer for octane 
to reach uniform concentrations than the other chemicals that had retardation factors near 
1).  Because NAPL was not present in this experiment, octane was not needed as a low 
solubility host compound.  Cyclohexane’s relatively low solubility (55 mg/L), high 
Henry’s constant (178 L*atm/mole), and reasonable retardation factor (2.5) made it a 
suitable substitution for octane.   
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To create the Type-3 dissolved source a series of steps were completed over a ten-
day period:  
1) After the tank was completely saturated, the high permeability flow zone was 
drained. This was completed by setting the effluent overflow weir (adjustable 
head device) even with the low/high permeability interface. 
2) A 14-L glass carboy was placed on top of shelf apparatus next the tank 
experiment. The carboy contained a bottom spigot, which was connected to 
the tank’s bottom flooding ports. 
3) The carboy was initially filled with deoxygenated water and then spiked with 
small volumes of each hydrocarbon chemical. The initial volumes of 
chemicals injected were calculated to achieve starting dissolved  
concentrations similar the previous source studies 
4) The carboy was then outfitted with nitrogen-filled Tedlar bags to allow for 
draining.  
5) The feed solution was mixed by shaking the entire carboy jug for several 
minutes.  
6) After mixing, the jug spigot was opened and the feed solution began flooding 
vertically into the lower permeability section of the tank (and overflowing out 
of the tank when it reached the high permeability interface).  
7) Each day, ports in the lower permeability region were sampled for dissolved 
concentrations (four in the center, and three on both the right and left). 
8) Over the course of 10 days, the feed solution was adjusted and maintained 
using a trial and error process.  Complete mixing of the chemicals was not 
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possible, and mass was lost through volatilization out the carboy and sorption 
to tubing.  Therefore the volumes of chemicals added to the feed jug daily 
were based on the concentrations measured in the tank. 
The flooding procedure was stopped after reasonably uniform concentration 
profiles were measured, for all chemicals, in each of the tank’s three sampling transects. 
Note that the flooding was stopped after each chemical was present throughout the lower 
permeability source zone at target concentrations. Chapter 5 contains results on the 
dissolved concentration profiles in the lower permeability source zone at the end of 
flooding. 
 Experimental Process Monitoring 2.5.
The following section describes measurements taken and test procedures 
performed during the operation of the physical model tank experiments. 
2.5.1. Dye-tracer test.  A fluorescent dye-tracer test was performed to characterize 
the resulting horizontal flow field of each tank.   Fluorescein was added to the tanks’ feed 
jugs at a concentration near 2 g-fluorescein/L-water.  The fluorescein was added in red-
powder form and quickly dissolved; turning the impacted water into a fluorescent green 
color.  The dye tracer was pumped into each tank for approximately 12-18 hours, which 
was long enough to supply a slug of fluorescein water to the flow field.  The tracer 
progression was monitored visually and was used to confirm that the flow field was 
relatively uniform with average linear velocity of about 2 ft/d.  Figure 2.4 presents a 
photo of a peristaltic pump beginning to pump fluorescein-water (green color in the 
tubing) into the Type-1 source tank prior to NAPL injection.  Chapters 3, 4, and 5 contain 
a series of photographs that catalogue the tracer progression across each tank.   
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Figure 2.4. Example setup for the beginning of a dye-tracer. 
 
2.5.2. Bromide-tracer test. A bromide tracer was performed on the Type-1 source 
experiment after the dye tracer. Fluorescein dye was observed in the effluent line prior to 
the bulk tracer front reaching the far right side of the tank.  It was determined that this 
was the result of a higher conductivity flow path along the bottom of the tank and that 
further investigation using a dissolved bromide tracer would be needed to determine the 
percentage of flow through that zone.  Prior to the injection of the NAPL source liquid, a 
dissolved bromide solution was pumped into the tank in order to quantitatively 
characterize the flow field.  A constant 60 mg/L bromide concentration was pumped 
across the tank and the groundwater velocity was increased by a factor of 4 to minimize 
the time spent conducting the tracer test (results in one day vs. four days).  The effluent 
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water was sampled hourly during the beginning stages of the tracer test, and then every 
half hour when the first traces of bromide were expected to show up in the tank effluent.  
The effluent samples were analyzed using a Dionex Ion Chromatograph (IC), model DX-
120. The tracer breakthrough curve is presented in Chapter 3. 
2.5.3. Water flow rate measurement. The water flow rate through each tank was 
measured each day that an effluent dissolved sample was collected.  Both influent and 
effluent flow rates were measured to be sure that the experiments were behaving 
consistently and blockage was not occurring in the systems.  To measure the influent 
flow rate the influent pump was stopped, an influent ball valve was closed, and the 
influent tubing line was disconnected.  The tubing was inserted into a 100 mL graduated 
cylinder, and the pump was restarted.  Water was collected for a minimum of 5 minutes 
and the flow rate was determined by dividing the volume of water collected [mL] by the 
time elapsed [min].  Once finished, flow was returned to the tank by reconnecting the 
tubing and reopening the ball valve.  The effluent flow rate was measured using a slightly 
different procedure.  A ball valve was closed downstream of the effluent hydraulic head 
device.  This caused the water released from the overflow weir to back up inside the 
connected tubing.  The valve was closed for a minimum of 5 minutes, after which the 
tubing was disconnected at the valve and the retained water was drained into a 100-mL 
graduated cylinder.  The volume collected was divided by the elapsed time to calculate 
the effluent flow rate. 
2.5.4. Dissolved oxygen/ temperature measurement.  As previously discussed, it 
was important to minimize the potential for biodegradation in these experiments.  Thus 
monitoring the dissolved oxygen (DO) concentration was a mandatory quality control 
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check.  The DO concentration was measured consistently at both the influent and effluent 
ends of the tank experiments and measurements were collected on each day that an 
effluent dissolved sample was collected. Influent and effluent PVC pipe sample-tubes 
were designed to fit an inline YSI 550 dissolved oxygen probe.  Water was redirected 
from the tank to a tube using a three way ball valve.  The probe was inserted into the top 
of the PVC tubes and the rubber O-ring created a seal between the probe and PVC wall.  
Water flowed up through the bottom of a tube, past the DO sensor, and out an overflow 
line of 1/4-in poly tubing.  Measurements of DO and temperature were recorded for the 
duration of each experiment, and all systems maintained DO concentrations consistently 
less than 1 mg-DO/L-water.  Figure 2.5 shows one of the DO sampling systems used for 
a physical model experiment. 
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Figure 2.5. Dissolved oxygen and temperature sampling device A) YSI DO probe 
inserted into the top of the PVC sampling tube B) PVC sampling tube showing influent 
water line connected at bottom C) YSI 550 dissolved oxygen sampler connected to probe. 
   
2.5.5. Effluent dissolved hydrocarbon concentration measurement. Water 
samples were collected from the tank effluent streams on a regular basis to develop the 
dissolved concentration vs. time data record for each respective source type.  Water 
samples were collected a few times a day during the first couple weeks of each 
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experiment, when concentrations were changing significantly.  Samples were collected 
daily once concentrations began to stabilize, and eventually the sampling frequency was 
reduced to every 2-4 days.  The time between samples depended on the experiment and 
concentrations being measured.  As an example, the Type-2 and Type-3 effluent 
concentrations were sensitive to sampling frequency during the stable concentration 
periods and had to be sampled every 4 days at the end of the experiments.   It was 
observed that effluent concentrations dropped if samples were taken on subsequent days.   
All dissolved samples were analyzed using the GC-FID analysis procedure detailed 
in Appendix A.  Dissolved 30 mL calibration standards were analyzed on a frequent basis 
to track the sensitivity of the equipment and to develop calibration curves.  All syringes 
used for effluent sampling were thoroughly rinsed immediately after use to prevent cross-
contamination between samples.  Sampling needles were disposed of after each use.  
Note that duplicate samples were collected when possible and 10% of all samples were 
analyzed twice on the GC-FID.  These steps were performed to quantify the uncertainty 
in the effluent sampling procedure.  The uncertainty associated with the sampling of each 
tank is included in the results chapters. The sampling methods used for each tank 
experiment are discussed below.   
Type-1 Source Experiment: Flow was stopped at a valve immediately down gradient 
of the effluent well screen.  Tubing was disconnected on the downstream side of valve, 
and a glass 40 mL VOA vial was held up to the valve opening.  The valve was reopened, 
allowing tank water to quickly fill the vial with a sample.  After 30 mL had been 
collected, the valve was closed and the sample was capped with a lid.  The effluent tubing 
was reconnected and the valve was reopened so that flow continued.   
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Type-2 Source Experiment: Flow was stopped at a valve immediately down gradient 
of the effluent well screen.  During the early stages of the experiment, when the dissolved 
concentrations were above the GC-FID calibration limits, diluted samples were collected.  
This was done by withdrawing a desired sample volume (1-3 mL depending on dilution 
required) from a sampling port between the well screen and effluent valve.  The sample 
was injected into a 40 mL VOA vial containing water (ex: if a 10-fold dilution was 
required, 3 mL of effluent sample was added to 27 mL of clean water). The samples were 
pulled using Hamilton Company 5 mL gastight syringes fitted with 24 gauge 0.75-in 
sterile Becton Dickson needles.  Note that 1 mL of water was withdrawn from the 
sampling port prior to collecting each sample, in order to flush out the dead-volume.  Full 
30 mL samples were collected when concentrations dropped within the analytical 
calibration limits.  These were collected using the same process described for the Type-1 
source experiment.   
Type-3 Source Experiment: Flow was stopped at a valve immediately down gradient 
of the effluent well screen.  Diluted samples were required during the early stages of the 
experiment and were collected using the same method previously listed.  Once the 
effluent concentrations dropped within calibration limits full samples were collected 
using the procedure employed for the first two experiments.  Full samples were collected 
in this manner until it was suspected that the rapid sample collection (quick draining of 
water from the tank) was affecting the measured values.  In turn, full samples were pulled 
using a Fortuna 50 mL all-glass syringe with a Luer-lock tip.  After the effluent valve 
was closed, the syringe was connected directly to the effluent tubing using a Luer-lock 
connection.  The valve was reopened and the syringe plunger was slowly pulled at the 
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same flow rate of the tank experiment (3 mL water/min).  Once a 30 mL sample had been 
collected (10 minute’s time) both the tank valve and Luer-lock valve were closed. The 
syringe was disconnected and the tank valve was reopened to reestablish flow.  The 
sample water was inserted into a 40 mL VOA vial and used for analysis.  
2.5.6. Interior dissolved hydrocarbon concentration measurement.  Dissolved 
concentration samples were collected from the tanks’ interior sampling ports once a 
month (those ports drilled through the Plexiglass).  These synoptic “snapshots” were used 
to identify dissolved concentration distributions within the tank.  Snapshots were taken 
on a monthly basis to minimize the amount of mass removed. Samples were pulled using 
Hamilton 500 µL gastight syringes capped with 24 gauge 0.75-in sterile Becton Dickson 
needles.  Sample volumes between 400-500 µL were collected and diluted into 30 mL of 
clean water held in a 40 mL VOA vial.  Samples pulled from ports in high permeability 
sand regions immediately yielded full sample volumes.  Contrastingly, ports contained in 
the lower permeability regions of the tanks often took minutes/hours to yield a full 
sample.  Often times these samples collected air bubbles that had to be tapped out, and it 
was common for needles to clog with fine sand particles. Note that 10% duplicate 
samples were collected and 10% of all samples were analyzed twice on the GC-FID to 
quantify the uncertainty in the sampling procedure.  The uncertainty associated with the 
sampling of each tank is included in the results chapters. Figure 2.6 presents a picture of 
interior dissolved samples being collected from the Type-2 source experiment. 
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Figure 2.6. Interior dissolved hydrocarbon samples collected during a snapshot event for 
the Type-2 source experiment. 
 
 Experiment Takedown Procedure 2.6.
Each tank experiment was stopped once the respective source signatures were 
fully developed. The high permeability sand region was drained for approximately 1 hour 
(this prevented water from spilling out when the tanks were opened).  After draining, all 
system tubing was disconnected and the tank was rotated and supported in a horizontal 
position (with Plexiglass window facing upwards).  Once rotated, the tank window was 
removed and soil samples were collected using a methanol extraction process. Appendix 
A describes the full method for preparing and analyzing soil samples. After soil samples 
were collected, the remaining soil material was scooped into hazardous waste barrels and 
prepared for proper disposal.  It should be noted that the tank experiments were 
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dismantled near chemical fume hoods and under snorkel-hoods so that hydrocarbon 
vapors were contained.  Experimenters wore certified respiratory masks to prevent 
exposure to hydrocarbon fumes. 
2.6.1. Soil sample collection.  Soil samples were collected for the Type-1 and Type-
2 experiments and analyzed for total hydrocarbon concentrations. The Type-1 soil 
samples were collected by quickly scooping 20 g of tank material into vials filled with 
methanol.  The soil collection process took about 30 minutes to complete.  This process 
was altered for the Type-2 experiment to try and minimize the amount of time it took to 
collect the samples (the longer the time, the more the exposed soil was susceptible to 
hydrocarbon volatilization losses).  Instead of scooping the tank material, 10 mL plastic 
syringes were used to take quick soil cores.  The heads of the syringes were cut off so 
that they could be inserted straight into the tank material.  Once a syringe was filled with 
a sample, the small soil core was pushed into a methanol vial using the syringe plunger.  
This reduced the soil-sampling process down to approximately 15 minutes.   No 
hydrocarbon soil samples were collected for the Type-3 tank because NAPL was not 
present in the source zone. However, 1 L of soil was collected from the lower 
permeability source zone and used for sorption studies.  Total soil concentrations within 
the Type-3 source zone were estimated with dissolved snapshot results and information 
from sorption partitioning between the dissolved and solid phases.  Further discussion on 
the soil partitioning studies is included later in this thesis. 
Figure 2.7 shows an example soil sample vial containing approximately 20 g of 
material mixed with methanol solution.  Figure 2.8 is a photo showing those soil samples 
collected from the Type-2 source experiment after takedown.  Note that the photo is a top 
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view, and that those samples collected from the NAPL source region are red in color.  As 
mentioned previously, the NAPL used for each tank experiment was dyed with Sudan IV 
(a red, powdered dye) for visualization purposes.   
 
 
Figure 2.7. Example soil-sample vial containing soil material and methanol. 
 
 
Figure 2.8. Plan view of soil samples collected from Type-2 experiment during takedown 
operations. 
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CHAPTER 3 TYPE-1 SOURCE EXPERIMENT RESULTS 
The Type-1 source experiment used the physical model described in Chapter 2 
and a 10-component NAPL mixture representative of gasoline placed in a transmissive 
flow zone. Effluent water samples were collected and analyzed for dissolved chemicals 
over 262 d.  The results from the experiment are discussed in this chapter. 
 Experiment Startup and Source Zone Creation 3.1.
3.1.1. Tank packing. The stainless steel tank was packed completely with the high 
permeability play sand described in Chapter 2.  Well screens at both sides of the tank 
created a 35-in (90-cm) thick flow zone across the tank, and an influent flow of 11 
mL/min established a groundwater flow velocity of about 2 ft/d.  The tank was initially 
saturated with water and the even vertical flooding front suggested uniform material 
packing. Appendix D contains pictures of the flooding process. Figure 3.1 presents a 
schematic of the tank experiment after packing and saturation, but prior to nonaqueous 
phase liquid (NAPL) injection. The position of the influent and effluent screens are 
represented in the figure using dashed, shaded rectangles. 
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Figure 3 .1. Type-1 source experiment set-up. 
 
3.1.2. Pre-NAPL injection dye tracer. After the tank was saturated with water, a 
fluorescent dye-tracer test was performed to characterize the horizontal flow field.   
Figure 3.2 shows a series of photographs that document the tracer progression across the 
tank.  The tracer moved across the tank as a relatively even front.  This confirms that the 
tank had a relatively uniform horizontal hydraulic conductivity distribution.  Fluorescein 
dye was observed in the effluent line prior to the bulk tracer front reaching the far right 
side of the tank.  It was determined that this tracer fluid was the result of a higher 
conductivity flow path along the bottom of the tank and that further investigation using a 
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dissolved bromide tracer would be needed to determine the percentage of flow through 
that zone.   
 
 
 
Figure 3 .2. Pre-NAPL injection dye-tracer. 
 
3.1.3. Pre-NAPL injection bromide tracer. A bromide tracer was pumped into the 
tank in order to quantitatively characterize the flow field.  A constant 60 mg/L-water 
bromide concentration was pumped into one side of the tank and the resulting effluent 
tracer breakthrough curve is shown below in Figure 3.3.  
The bromide concentration profile shows initial tracer breakthrough after four to 
five hours that is associated with the higher-conductivity flow path suggested by the 
fluorescein dye tracer.  The relative proportion of the total water flow going through this 
high-flow zone was calculated from a mass balance on the system to be 6.5% of the total 
water flow.  This percentage is low and was deemed acceptable for the experiment.  It 
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was hypothesized that the higher flow zone existed at the base of the tank near the gravity 
feed ports, but it was not possible to visually verify this assertion.  The bromide tracer 
results also provided data to characterize the effective porosity of the tank.  The effective 
porosity was calculated using the cross sectional area of the flow zone, the flow rate of 
water across the tank, the length of the tank, and the time for the bromide tracer to reach 
half of its maximum concentration, which was about 500 minutes from the bromide tracer 
response.  The calculated effective porosity of the tank was about 0.42 cm
3
-pores/cm
3
-
soil, which was deemed a reasonable value for the sand used to pack the tank. 
 
Figure 3.3. Pre-NAPL injection bromide tracer test results.  
 
3.1.4. NAPL mixture and source zone creation. The 50 mL NAPL liquid volume 
was selected after a series of injection visualization tests, as detailed in Appendix B.  The 
composition of the source was designed so that most components would have starting 
mass fractions similar to those in regular gasoline.  The composition of the NAPL 
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mixture used to create the source zone is presented in Table 3.1.  The NAPL mixture was 
prepared in the lab and its composition was determined using direct-NAPL-injection onto 
a gas chromatograph with flame ionization detector (GC-FID).  Calibration curves related 
area counts to mass injected into the GC.  The NAPL mixture was analyzed in triplicate 
and the results tabulated below are an average of those runs.  As shown by the results in 
Table 3.1, the mass fractions of the NAPL were reasonably similar to design values. 
Octane comprised the majority of the NAPL mix; it was selected to provide a low 
solubility base liquid to dissolve the other components in so that they would partition 
similarly to their partitioning from a gasoline mixture.  Note that the chemicals in Table 
3.1 are listed in order of increasing solubility for reference purposes.  This display order 
is consistent through the remaining tables and figures of this thesis. 
 
Table 3.1.  
 
Starting NAPL Source Composition 
 
Chemical  
Mass Fraction 
Design 
Mass Fraction  
Mix Made 
a
 
Percent   
Difference  
Mass Injected in 
50-mL Source
 a 
[mg] 
Octane 0.400 0.408 2.0 14500 
Isopentane 0.185 0.183 1.2 6480 
n-Propylbenzene 0.070 0.068 2.7 2430 
1,3,5 TMB 0.041 0.043 6.4 1530 
Ethylbenzene 0.080 0.075 6.7 2650 
o-Xylene 0.078 0.077 0.8 2740 
p-Xylene 0.081 0.079 2.9 2790 
Toluene 0.055 0.057 3.1 2010 
Benzene 0.008 0.008 2.5 292 
MTBE 0.002 0.002 9.0 81 
Total 1.0 1.0   35500 
a 
averaged over three analyses of the NAPL mixture 
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The source was created by injecting 5 and 10 mL of NAPL through ports tapped 
into the Plexiglass window.  The water level in the tank was also raised and lowered to 
attempt to distribute the NAPL vertically over an approximately 30.5-cm tall x 10.5-cm 
wide target area, as determined from the injection visualization tests.  The resulting 
NAPL distribution was different than expected from the injection trials; it was not fully 
immobilized as the water level was raised, and some NAPL migrated up through the 
saturated sand to the top of the water-saturated region.  The NAPL also spread more 
laterally than expected.  This was hypothesized to be due to a difference in wettability 
between the NAPL mixture and the hexane NAPL used in the injection visualization 
trials.  Nevertheless, the final NAPL distribution was judged to be acceptable and the 
experiment was continued.  The NAPL distribution at the start of the Type-1 source 
release experiment is shown in Figure 3.4 below; the NAPL is distributed over an area 
approximately 53-cm tall x 15.25-cm wide. Appendix D contains figures showing the 
smearing of the NAPL during start-up. 
The total starting source concentration and starting NAPL saturation were 
calculated after the experiment was completed and soil samples were collected from the 
source region.  Those data are included later in this chapter.   
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Figure 3.4. NAPL distribution at start of experiment. 
 
 Experimental Process Data and Discussion 3.2.
3.2.1. Post-NAPL injection dye tracer.  After the source zone was created, 
horizontal flow was initiated across the tank.  Another fluorescein dye tracer was 
completed to determine the effect of the NAPL smear zone on the flow field.  Figure 3.5 
below shows the progression of the dye tracer through a series of six photos. 
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Figure 3.5. Post-NAPL injection dye tracer. 
 
 
 The results of the tracer study show slower movement of dye through the source 
zone relative to flow through clean sand below the NAPL region.  This was attributed to 
a reduction in relative permeability to water flow caused by the presence of the NAPL in 
the pores. In systems involving multiphase flow of immiscible fluids, the hydraulic 
conductivity of the region, for a given fluid, can be expressed as a fraction of the water-
saturated hydraulic conductivity and a relative permeability of the fluid considered 
(Dullien, 1979).  The following equation describes this relationship as it applies to the 
Type-1 source zone; where the wetting fluid is water: 
 
K?= k?? Ksat  (Eq. 3.1) 
 
Where: 
Kw [L/T] = hydraulic conductivity of water in the multi-fluid NAPL region 
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kr,w  [dimensionless] = the relative permeability of water.  
 
The relative permeability of any fluid is a function of the saturation history of the 
soil media, and can therefore be described as a relationship between the saturation of the 
wetting fluid and the saturation of the non-wetting fluid.  Several empirical relationships 
exist to describe this correlation.  Work done by Saenton et al. (2002) utilized an 
empirical equation, first defined by Wyllie (1962), to describe the change in relative 
permeability in an LNAPL source zone trapped in a transmissive sand layer.  Wyllie 
described such a relationship with the following equation: 
 
k?? = ?1-Sn-Sw1-Sw ?3   (Eq. 3.2) 
 
Where: 
 Sn [volume-NAPL/volume-voids] = the saturation of NAPL in the source zone  
 Sw [volume-water/volume-voids] = is the water saturation is the source zone  
 
A review of equations 3.1 and 3.2 above, show that an increase in NAPL 
saturation will decrease the relative permeability of the water and therefore decrease the 
hydraulic conductivity of the soil media.   
This explains the change in flow behavior revealed in the post-injection dye 
tracer.  The groundwater velocity through the source zone was determined to be 
approximately 20% slower than the velocity through the underlying clean sand region.   
Therefore, considering the cross-sectional area of the source zone, it was calculated that 
38% of the tank flow was going through the source region.   
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3.2.2.  Sampling interior ports.  Dissolved concentration samples were collected 
from ports in the three sampling transects down gradient of the source zone seen in 
Figure 3.1.  This was done to identify and monitor dissolved concentration distributions 
within the tank. Figures 3.6, 3.7, 3.8, and 3.9 show those concentrations measured in each 
transect, with time, for toluene, octane, p-xylene, and 1,3,5 trimethylbenzene 
respectively.  These plots are representative of all NAPL constituents. Appendix D 
contains the plots for the remaining chemicals. MTBE was flushed from the tank system 
before it could be measured in the interior ports. 
Each figure contains three plots: left transect, center transect, and right transect.  
The plots present dissolved concentration on the x-axis and the height from the bottom of 
the tank on the y-axis.  For reference, the top of the water table is just above the last 
sampling port at 90 cm.   
 51 
 
 
 
Figure 3.6. Toluene dissolved concentrations in interior sampling ports with time. 
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Figure 3.7. Octane dissolved concentrations in interior sampling ports with time. 
 
 
 53 
 
 
 
Figure 3.8. p-Xylene dissolved concentrations in interior sampling ports with time. 
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Figure 3.9. 1,3,5 trimethylbenzene dissolved concentrations in interior sampling ports 
with time. 
 
Review of the plots reveals an important characteristic of the concentration 
distributions.  The ports down gradient of the bottom-half of the source zone maintain 
higher dissolved concentrations throughout the course of the experiment, in comparison 
to those down gradient of the top-half of the source zone.  Soerens et al. (1998) discussed 
non-equilibrium partitioning between the NAPL and water phase to be a function of 
heterogeneity in NAPL distribution; where clean flow bypasses NAPL ganglia, it dilutes 
that portion of flow impacted by the NAPL.  The bottom section of the Type-1 source 
zone is where the NAPL volume was originally injected.  It was not until the source was 
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smeared, that NAPL extended higher in the flow zone and reached the water table.  A 
reduced saturation, and discontinuous NAPL structure in the top of the source zone, 
could be the factors that resulted in lower dissolved concentrations relative to the lower 
section of flow. 
The maximum dissolved concentrations measured just down gradient of the 
source (left transect) were tabulated for the early stages of the experiment.  These 
concentrations were compared to those predicted using Raoult’s Law NAPL-water 
equilibrium partitioning relationships: 
 
Cwi= XiSi   (Eq. 3.3) 
 
Where: 
  Cw-i [mass-i/L-water] = predicted dissolved groundwater concentration for 
chemical-i  
Xi [moles-i/moles-NAPL] = mole fraction of chemical-i in the NAPL mixture  
Si [mg-i/L-water] = pure-component solubility [mg-i/L-water] 
  
Table 3.2 lists the mole fractions of the NAPL mixture calculated from the mass 
fractions listed in Table 3.1, and the calculated groundwater concentrations using Eq. 3.3.  
These predicted concentrations are compared to the maximum and averaged measured 
concentrations from ports directly down gradient of the NAPL source. Note that the ports 
considered are those aligned with the center of the bottom-half of the NAPL region, 
located approximately 55 cm up from bottom of tank. 
 
 56 
 
 
Table 3.2. 
Predicted vs. Measured Dissolved Concentrations in Interior Ports 
Chemical  
Starting Mole 
Fraction 
Pure 
Component 
Solubilities 
[mg/L] 
Cw 
Predicted 
[mg/L] 
Max Cw 
Measured 
a 
[mg/L] 
Avg  Cw 
Measured 
e 
[mg/L] 
Percent 
Difference 
Predicted to 
Max 
  
[%] 
Percent 
Difference 
Predicted to 
Avg 
  
[%] 
Octane 0.3594 1 0.3 0.4 0.2 43 7 
Isopentane 0.2542 48 12 11 
b
 9 10 30 
n-Propylbenzene 0.0572 60 3.4 3.0 2.7 12 21 
1,3,5 TMB 0.0361 73 2.6 2.0 1.8 25 34 
Ethylbenzene 0.0706 140 10 16 14 63 44 
o-Xylene 0.0731 175 13 19 17 52 31 
p-Xylene 0.0744 198 15 16 14 10 4 
Toluene 0.0618 515 32 43 
d
 37 35 16 
Benzene 0.0106 1780 19 24 20 24 5 
MTBE 0.0026 42000 109 NA 
c
 NA NA NA 
Total 1 
   a
 maximum dissolved concentration measured in ports directly down gradient of source zone after 3 days of 
horizontal flow 
b
 maximum dissolved concentration measured in ports directly down gradient of source zone at day 10  
(when isopentane reached effluent of tank) 
c
 MTBE was depleted from the source before the interior ports were measured 
d
 maximum dissolved concentration measured in ports directly down gradient of source zone at day 30 (when 
octane reached the effluent of the tank) 
e 
average dissolved concentrations measured in ports directly down gradient of source zone after 3 days of 
horizontal flow (isopentane is recorded as an average from day 10 and octane and average from day 30) 
 
 
 Values in the table indicate relatively good agreement between predicted and 
measured dissolved concentrations. Any differences are most likely attributable to 
uncertainty in source composition and varying chemical solubilities from cited values.  
Regardless, the NAPL source produced starting dissolved concentrations similar to those 
desired and representative of possible maximum concentrations at petroleum-impacted 
sites.  Note that MTBE was not detected in the interior of the tank at the time the first 
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samples were collected (day 3).  Also note that the values presented for isopentane and 
octane were collected from day 10 and day 30 respectively. This was due to the fact that 
these chemicals propagated from the source zone at slower rates than the other 
constituents. 
A sampling uncertainty analysis was performed for the Type-1 experiment 
snapshot results by comparing all pairs of duplicate samples that were collected from 
interior ports down gradient of the source zone.  An analysis revealed a chemical-
independent average relative uncertainty of 4% for all samples.  The following Figure 
3.10 shows the percentage of duplicate samples that contained relative uncertainty values 
within given percent ranges.  For example, the plot shows that approximately only 8% of 
the samples considered for the analysis contained an uncertainty greater than +/- 10%.   
 
Figure 3.10. Distribution of relative uncertainty for duplicate high permeability dissolved 
concentration samples from the Type-1 source study. 
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3.2.3. Visual depletion of NAPL source.  Photos were taken periodically to 
document visual changes in the NAPL source zone. Figure 3.11 shows a progression of 
changes from day 0 to day 100 and day 200 from left to right. There is a depletion of 
NAPL mass over time.  It is evident that the majority of NAPL mass remained within the 
bottom half of the original source zone boundaries, and this is likely because the majority 
of the original NAPL mixture was injected into the lower ports. This evidence reaffirms 
the previous suggestion that dissolved concentrations were lower in the top of the flow 
zone due to a reduced NAPL saturation in the top half of the source zone.  Additionally 
the right boundary of the NAPL body migrated to the right by up to one-half inch in some 
sections during the course of the experiment.  This is evident when comparing the center 
of the NAPL body in the day-0 photo to the day-100 photo. 
  
 
Figure 3.11.  NAPL distribution at start of experiment (left); after 100 days (center); after  
200 days (right). 
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 Source Signature Data and Results 3.3.
The effluent dissolved concentrations were measured twice daily during the early 
stages of the experiment as the chemical signatures were developing, and once daily 
during the latter stages after the chemical signatures were changing more slowly with 
time. The effluent signature data collected for the Type-1 source experiment are 
presented in Figures 3.12 and 3.13. Note that the calibration limits are chemical specific 
(0.001 mg/L for octane, 0.01 mg/L for MTBE, and 0.005 mg/L for all other chemicals 
shown).  Figure 3.12 uses a standard linear time axis, while Figure 3.13 uses a log-time 
axis to provide better insight to the early phase of the experiment.  
 
 
Figure 3.12. Type -1 source signature. 
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Figure 3.13. Type-1 source zone signature plotted with emphasis on early data. 
 
 A review of the temporal signature reveals that the rate at which the chemicals 
deplete from the NAPL source depends on pure component solubility.  Chemicals with 
the highest solubilities (e.g., MTBE, benzene, and toluene) depleted from the NAPL 
source before those chemicals with lesser solubilities (such as 1,3,5 trimethylbenzene and 
octane).  The travel time from the NAPL source zone to the effluent sampling location, as 
indicated by the early time concentration increases of each chemical in the effluent, was 
not the same for all chemicals.  This fact is most evident in Figure 3.13 where the travel 
time is clearly different for isopentane (10 d) and octane (30 d) than for the other 
components.   
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The travel-time behavior can be explained by analyzing the retardation factor 
discussed in the Materials and Methods chapter.  To review, the retardation factor, R, is a 
quantity that predicts the speed of chemical migration relative to water flow, assuming 
local equilibrium partitioning between dissolved, sorbed, and vapor phases during 
transport.  Retardation factors were estimated by using published ranges of Henry’s 
constants and sorption coefficients for the chemicals used in this experiment, and varying 
other quantities across reasonable ranges for the conditions within the tank.   
Resulting R-values, up to 10 for isopentane and 25-30 for octane, indicated that 
combinations of possible inputs could explain the experimental results.  The R-values are 
larger for isopentane and octane due to their larger Henry’s Law constants, which means 
that their longer travel times were attributable to partitioning to trapped gas during 
transport. 
An uncertainty analysis was performed on the signature data shown in Figures 
3.12 and 3.13, using data points collected during times of reasonably constant 
concentrations.  Results showed a chemical-independent average uncertainty of +/- 14% 
for each effluent concentration point.  The following Figure 3.14 shows the percentage of 
duplicate samples that contained relative uncertainty values within given percent ranges.  
For example, the plot shows that approximately 48% of the samples considered for the 
analysis contained an uncertainty between +/- 0-10%.  Furthermore 10% of the data 
points considered had an uncertainty greater than +/- 30%.   
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Figure 3.14. Distribution of relative uncertainty for duplicate effluent dissolved 
concentration samples from the Type-1 source study. 
 
 Experiment Takedown Results  3.4.
3.4.1. Type-1 final soil concentrations.  After the Type-1 signature had been fully 
developed, horizontal flow was ceased and the experiment was concluded.  Soil samples 
were collected from the interior of the tank to determine the extent and mass of remaining 
contamination.  A total of 48 soil samples were collected from 24 locations throughout 
the extent of the starting source zone.  Note that a “shallow” and “deep” samples were 
collected at each location to determine if the remaining soil concentrations were uniform 
through the thickness of the tank. Figure 3.15 shows the sampling locations and their 
respective identifiers. 
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Figure 3.15. Type-1 source soil sampling locations. 
 
 Soil samples were collected and analyzed using the procedures described in 
Appendix A.  Results showed detectable concentrations of octane, n-propylbenzene, and 
1,3,5 trimethylbenzene at locations throughout the sampling network.  Note that 
isopentane, ethylbenzene, p-xylene, and o-xylene were detected sporadically but were 
negligible at concentrations near 1 mg/kg-soil.  All other chemicals were not detected. 
Table 3.3 lists the soil sample results for octane. Appendix D contains the soil sample 
results for n-propylbenzene and 1,3,5 trimethylbenzene. 
The table shows the soil concentrations at each sampling location described in 
Figure 3.15.  Note that the sample locations are also defined as being left, center, right, 
and far right transects.  This was done to give a description of that portion of the source 
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zone the sample was collected from.  If a sample location did not produce detectable 
concentrations of octane in the shallow and deep sample, it was not included in the table.  
If octane was detected at either the shallow or deep sample, values for both samples were 
recorded.  As an example, sample location #3 produced a shallow octane concentration of 
95 mg/kg-soil, but did not produce a detectable octane mass in the deep sample. 
 
Table 3.3. 
 
Octane Soil Concentrations at End of Type-1 Experiment 
 
Soil Concentration (Shallow Sample / Deep Sample) [mg/kg-soil] 
 
Sample Transect 
Sample # Left  Center Right Far Right 
1,2,3 
 
(128 / 1) (95 / -) 
 
4,5 (40 / 1) 
 
(- / 1) 
 
6,7,8 (29 / -) (219 / -) (2 / 1) 
 
9,10 
 
(1227 / 926) (8 / -) 
 
11,12,13,14 (1232 / 203) (2522 / 1257) (1906 / 51) (141 / 3) 
15 
  
(1592/ 2474) 
 
16,17,18,19 (3033 / 1352) (4820 / 1756) (3145 / 2310) (827 / 63) 
20 
  
(2512 / 31) 
 
21,22,23,24 (2408 / 117) (5534 / 344) (1977 / 42) (190 / 3) 
 
 
 Analysis of the data contained in Table 3.3 reveals some interesting observations.  
By integrating the soil concentrations (multiplying the concentrations by sub-volumes of 
source zone and the soil density) the total mass of octane remaining in the tank was 
estimated.  The result is that 10200 mg of octane remained in the source zone at the end 
of the experiment.  Of that mass, only 400 mg, or 4%, was measured in locations from 
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the top half of the NAPL source area.  Therefore 9800 mg, or 96%, of the residual octane 
mass was found in the bottom half of the source zone where the NAPL mixture was 
injected, and remained prior to the smearing of the source.  This suggests, as was 
hypothesized based on the interior dissolved concentrations, that the NAPL source was 
not homogeneous in distribution of source mass and NAPL saturation.   Furthermore, 
83% of the octane mass in the bottom half of the source zone was measured in the 
shallow soil samples.  This suggests the NAPL injected at the start of the experiment did 
not spread/penetrate into the depth of the tank evenly as it was being smeared.  The 
heterogeneity in octane soil concentrations gives insight into the starting source 
characteristics and leads to an estimation of the Type-1 source starting parameters listed 
in the following Table 3.4. 
 
Table 3.4. 
 
Estimation of Starting Source Characteristics Based on Ending Soil Data 
 
Parameter Average 
a
 Range 
b
 
% NAPL Saturation                          
[vol-NAPL/vol-voids] 
0.03 1.5 – 7.0 
Total Hydrocarbon Soil Concentration                              
[mg-TPH/kg-soil] 
4040 2300 - 10400 
a
 Assuming a homogeneous distribution of NAPL throughout the extent of the source zone 
b
 Assuming the octane soil concentrations measured at the end of the experiment were 
representative of  the starting mass distribution.  Therefore NAPL mass is divided into areas 
of higher concentration and lower concentration. The minimum and maximum values are 
presented 
 
3.4.2. Type-1 experiment mass balance.  The dissolved effluent concentration 
profiles shown in Figure 3.12 were integrated with time to determine the mass removed 
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from the tank via the effluent over the course of the experiment.  That mass was added to 
the amount of mass remaining in the tank as determined from the soil samples, and that 
was compared with the initial mass added to the tank. The results are tabulated in Table 
3.5.  
The calculated cumulative mass removed from the tank was not 100% of the initial 
mass for any of the components.  Possible contributions to the less-than-100% mass 
balances were considered and are listed below:  
· Inherent quantification uncertainties with effluent data. Sampling and 
quantification uncertainty would not be inherently biased toward lower mass 
amounts.  
· Chemical mass destruction within tank. Chemical destruction due to biological 
degradation processes is unlikely because the tank had low electron acceptor 
supply (distilled water).  Furthermore, the low dissolved oxygen present in the 
influent water was calculated to only possibly account for a maximum 0.84% 
NAPL mass depletion inside the tank; assuming that aerobic degradation of 
hydrocarbons did occur with dissolved oxygen concentrations lower than 1 mg 
DO/L-water, and consistently below 0.5 mg DO/L-water 
· Initial NAPL mixture had different composition than believed.  The analysis 
method used for determining the original NAPL mix composition required a 
direct 1-ul injection of the NAPL mixture onto a GC-FID.  After the completion 
of the Type-1 experiment, it was determined that a NAPL mixture’s 
composition could be defined with more certainty, if the NAPL sample was 
dissolved in methanol before the direct injection GC-FID analysis. 
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Initial source zone composition uncertainty is the most likely causes for the mass 
balance results.  In either case, general source release history data (relative order of 
depletion and longevity) are unlikely to be substantively different from results that would 
have been obtained from the designed source composition or from more precise effluent 
measurements.  In other words, the effluent signatures attained from the Type-1 source 
experiment and presented in Figures 3.12 and 3.13, were concluded to satisfy the goal of 
experiment despite the mass balance uncertainty. 
 
Table 3.5. 
Type-1 Experiment Mass Balance 
Chemical  
Mass Removed 
from Effluent [mg] 
Mass Remaining 
Soil [mg] 
Percent Mass 
Balance
 a 
[%] 
Octane 579 10200 74 
Isopentane 4700 0 73 
n-Propylbenzene 1800 25 75 
1,3,5 TMB 1050 13 69 
Ethylbenzene 2210 0 84 
o-Xylene 2260 0 83 
p-Xylene 2310 0 83 
Toluene 1740 0 87 
Benzene 271 0 93 
MTBE 68 0 85 
Total 17000 10200 77 
a
 This details the percent of mass accounted for with respect to starting source 
mass 
 
 
The Type-1 source signature is discussed in more detail and compared to other 
source signatures in the Chapter 6 Source Signature Comparison and Modeling 
discussion.  
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CHAPTER 4 TYPE-2 SOURCE EXPERIMENT RESULTS 
The Type-2 source experiment used the physical model described in Chapter 2 
and a 9-component NAPL mixture representative of gasoline. Effluent water samples 
were collected and analyzed for dissolved chemicals over 320 d.  The results from the 
experiment are discussed below. 
 Experiment Startup and Source Zone Creation 4.1.
4.1.1. Tank packing. The stainless steel tank was packed in a layered system.  Clean 
lower permeability material filled the bottom 19.5 in (49.5 cm) of the tank and was 
overlaid by a 4-in (10 cm) thick layer of lower permeability material spiked with NAPL.  
The NAPL-impacted layer was capped with approximately 16 in (40.5 cm) of higher 
permeability play sand, and the remaining space in the top of the tank was packed with 
pea pebbles. Well screens, placed only in the higher permeability material, created an 
approximate 14-in (35.5 cm) thick flow zone across the tank.  An influent flow of 3.6 
mL/min established a groundwater velocity of about 2 ft/d.   
Figures included in Appendix E show the wetting front during the tank saturation 
process.  The vertical flooding was stopped when the water table reached the top of the 
NAPL source zone, and then the high permeability region was flooded horizontally 
through the inlet well screen.  This was done to minimize the amount of chemical mass 
lost from the NAPL source zone during the flooding process. The wetting front was fairly 
even across the tank; with the left side flooding slightly faster than the right. 
The first attempt at starting the Type-2 source experiment was halted after a 
pressurization event left the tank experiment unusable.  The tank became pressurized 
when nitrogen was forced into high permeability region after the lower permeability 
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region had been saturated. This was done to displace any oxygen from the flow zone, and 
therefore to minimize any trapped oxygen that might result from water flooding, and 
might cause subsequent aerobic bioattenuation. Appendix C contains more details. 
In order to avoid repeating this problem during the second experiment, the 
nitrogen purge step was eliminated.   Instead, the tank was completely flooded with 
deoxygenated water after packing and left to sit idle for one week before starting 
horizontal flow.  Over that week, dissolved concentrations in the high permeability region 
were monitored to determine if biodegradation was occurring.  Dissolved concentrations 
were unaffected for all chemicals, and it was decided that horizontal flow could be 
initiated. 
Figure 4.1 presents a schematic of the tank experiment after packing and 
saturation.  Note that the position of the influent and effluent screens are represented in 
the figure using dashed, shaded rectangles, and the NAPL-impacted source region is 
outlined with a black, dashed rectangle. 
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Figure 4 .1. Type-2 source experiment set-up. 
 
4.1.2. Dye tracer. After the tank was saturated with water, a fluorescent dye-tracer 
test was performed to characterize the resulting horizontal flow field.   Figure 4.2 shows a 
series of photographs that capture the tracer progression across the tank.  As seen in this 
series of images, the tracer moved across the tank as a relatively even bulk front.  This 
confirmed that the tank had a relatively uniform horizontal hydraulic conductivity 
distribution. 
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Figure 4 .2. Type-2 experiment dye tracer. 
 
4.1.3. NAPL mixture and source zone creation. The Type-2 source NAPL mixture 
was designed to achieve starting mass fractions within the NAPL-impacted source zone 
similar to those from the Type-1 source experiment discussed in Chapter 3.  This was 
done so that any differences in the effluent signatures, between the Type-1 and Type-2 
source experiments would not be attributable to varying source zone compositions.  
Theoretical calculations and empirical tests were conducted to predict the losses during 
each mixing/packing stage, so that the NAPL mixture could be designed to compensate 
for those losses. Appendix C contains more details. Table 4.1 details the composition of 
the idealized NAPL mixture used to prepare the Type-2 source.  Note that this is the 
composition and volume of NAPL that was added to the concrete mixer during the first 
stage of the source zone mixing and packing process.  Also note that isopentane is 
included in this table as a reminder that it was removed from the idealized NAPL mixture 
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during the Type-2 source mixing tests. This was decided after bench tests revealed a 99% 
volatilization losses during simulated source zone creation experiments (Appendix C).  
 
Table 4.1.  
 
NAPL Source Composition Used at Start of Source Mixing Process 
 
Chemical  
Volume   
[ml] 
Mass         
[g] 
Mass 
Fraction 
[Mi] 
Octane 157 110 0.482 
Isopentane - - - 
n-Propylbenzene 20 17 0.074 
1,3,5 TMB 9 8 0.036 
Ethylbenzene 23 20 0.086 
o-Xylene 22 20 0.085 
p-Xylene 23 20 0.086 
Toluene 28 24 0.106 
Benzene 7 6 0.027 
MTBE 6 4 0.018 
Sum 295 229 1.00 
 
Three soil samples were taken at each stage, A-C of the source mixing and 
packing process, to track chemical mass losses (refer to Chapter 2 for a description of 
each stage).  Soil samples were not collected for Stage D because the tank was 
completely sealed and saturated at that point.  The samples were analyzed by methanol 
extraction and GC-FID analysis. The averaged results for Stage C are summarized in 
Table 4.2 below.  Refer to Appendix E for soil sample results from Stages A and B. 
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Table 4.2.  
 
Source Zone Composition at Start of Type-2 Experiment 
 
Chemical 
Averaged Measured 
Soil Concentrations 
at Stage C of Source 
Preparation Process                 
[mg-i/kg-soil] 
Mass Fraction             
[Mi] 
Mole Fraction                   
[Xi] 
Anticipated 
Dissolved 
Concentration in 
Source Zone 
[mg-i/L-water] 
Octane 3610 0.4618 0.4412 1 
n-Propylbenzene 708 0.0906 0.0822 5 
135-TMB 366 0.0468 0.0425 3 
Ethylbenzene 734 0.0939 0.0965 14 
o-Xylene 771 0.0986 0.1013 18 
p-Xylene 703 0.0899 0.0924 18 
Toluene 666 0.0851 0.1008 52 
Benzene 98 0.0126 0.0175 31 
MTBE 162 0.0207 0.0256 1074 
Sum 7820 1.00 1.00 
 
 
 
Additional table columns characterize the NAPL source in terms of mass and 
molar fractions.  These fractions are used to anticipate the dissolved concentrations 
present in the source zone after saturation.  Note that these dissolved concentrations listed 
in the final column of the table are reasonably similar to those measured in the Type-1 
source experiment (Table 3.2), for all chemicals except MTBE.  Because MTBE has such 
a high solubility, it was predicted that a large percent of its starting mass would be swept 
out of the source zone during the initial flooding process.  To compensate for these 
losses, a large volume of MTBE was included in the initial NAPL mixture.  This is the 
reason why the anticipated MTBE concentration is so high in the previous table; it does 
not take into account the concentration after the flooding process.  As will be seen in 
upcoming sections, a large amount of MTBE was lost in the flooding process, and 
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concentrations of MTBE remaining in the source zone at the time of horizontal flow were 
consistent with the Type-1 experiment. 
Note that the mass of soil packed to create the source zone was estimated using 
two methods.  First a source soil mass of 12.2 kg was estimated by multiplying the 
volume of the source zone (estimated using tank dimensions) by the bulk density of the 
soil.  A second source soil mass estimation of 14.08 kg was calculated by subtracting the 
mass of soil not used in the tank packing from the mass of soil originally added to the 
concrete mixer. Note that uncertainty resides with both estimation techniques.  The first 
method is subject to uncertainty by estimating the source zone volume using tank 
dimensions; when the exact volume of the source inside the tank could not be measured 
directly.  The second method is subject to uncertainty because some soil was spilled 
during the mixing and packing process. Although minimal, the amount of soil spilled was 
not accounted for, and therefore a source soil mass of 14.08 kg is likely higher than was 
actually used in the experiment.  Given the starting TPH soil concentration of 7820 
mg/kg-soil, the starting mass of TPH in the source was between 96 and 115 g, depending 
on the mass of soil considered. 
 Experimental Process Data and Discussion 4.2.
4.2.1. Sampling interior ports.  Dissolved concentration samples were collected 
from ports in the three sampling transects throughout the tank to identify and monitor 
dissolved concentration distributions within the experiment as seen in Figure 4.1.  Figures 
4.3 and 4.4 show concentrations measured throughout the tank after tank saturation.  
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Figure 4 .3. Initial transect dissolved concentrations after tank saturation. 
 
 Note that Figure 4.3 includes three plots similar to those described in the Type-1 
experiment results chapter; where dissolved concentrations are present at locations in 
each sampling transect with given heights above the bottom of the tank.  Note that 
concentrations for each chemical are included, and note that the black dashed lines 
represent the top and bottom boundaries of the source area. The plots contained in Figure 
4.3 have concentration scales appropriate for all chemicals except MTBE.  The plots 
shown in Figure 4.4 are the same as those from 4.3 but have concentration scales 
appropriate for the MTBE data. 
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Figure 4 .4. Initial transect dissolved concentrations after tank saturation (focus on 
MTBE data). 
 
A review of the figures shows dissolved chemicals present in the high 
permeability sand overlying the source zone.  This was the result of the pore volume of 
water that passed through the NAPL source zone during vertical flooding.   A significant 
mass of MTBE was flushed out of the source zone due to the flooding.  This was 
predicted in the source design, and was difficult to minimize. Note that dissolved 
concentrations increased from left to right across the high permeability region of the tank.  
This was a result of saturating the high permeability layer using horizontal flow through 
the influent well screen. 
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The chemicals present initially in the higher permeability sand were flushed out in 
the first few days of flow.  This is evident in the Type-2 signature (effluent concentration 
vs. time data set) discussed below.  Also note that some of the ports in the source zone 
registered octane concentrations well over its pure component solubility limit (near 1 
mg/L-water).  This suggested NAPL was entrained in these samples, and this should be 
considered when using those data. 
Table 4.3 compares predicted dissolved concentrations to those present in samples 
collected from the tank’s interior sampling ports.  The first row lists concentrations 
predicted using the estimated source composition determined from soil samples.  The 
next row lists the maximum concentrations measured in the high permeability zone after 
flooding.  The maximum concentrations are considered because the concentration 
distribution in the high permeability region was not uniform (Figures 4.3 and 4.4), and 
the maximum concentrations most closely represent the equilibrium concentrations.  
Comparison of the values in the first two rows shows a reasonable agreement for all 
chemicals.  Octane differs by a factor of 2, but considering its relatively low solubility 
and high mole fraction, its maximum measured concentration is reasonable.  The 
following two rows compare the averaged dissolved concentrations measured from the 
interior ports in the source zone to the predicted concentrations.  Note as previously 
mentioned, octane concentrations were quantified above its reported solubility limit in 
some samples and therefore it is probable that small globules of NAPL were pulled into 
those samples.  Other than these, a comparison of the measured concentrations for other 
chemicals shows a good correlation to predicted values.  MTBE is the chemical with the 
largest percent difference, but this was expected due to dissolution losses during the 
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initial tank flooding process.  The average MTBE concentration starting in the source 
zone was acceptable when compared to the predicted starting MTBE concentration in the 
Type-1 experiment.   
 
Table 4.3.  
 
Dissolved Concentrations at Start of Type-2 Experiment 
 
Dissolved Concentrations [mg/L-water] 
Chemical 
Predicted by Raoult’s 
Law and soil sample 
data 
Max measured in 
high permeability 
layer after tank 
saturation 
Absolute percent 
difference from 
predicted to max in 
high permeability 
layer  [%] 
Average 
measured in 
source zone 
after tank 
saturation 
a
 
Absolute percent 
difference from 
predicted to 
average measured 
in source zone 
[%] 
Octane 0.3 0.6 100 9 
 
n-Propylbenzene 5 6 12 5 2 
1,3,5 TMB 3 3 7 3 3 
Ethylbenzene 14 22 66 12 14 
o-Xylene 16 24 45 15 16 
p-Xylene 18 20 11 11 39 
Toluene 52 74 42 33 36 
Benzene 31 35 12 21 33 
MTBE 1074 745 31 44 96 
a 
All samples collected contained octane concentrations higher than the published solubility limit, suggesting samples 
contained NAPL 
 
 
Note that differences between the predicted and measured values could be 
associated with dissolved sampling uncertainty, uncertainty in the knowledge of starting 
source mole fractions determined from soil samples, and possible differences in pure 
component solubilities from published values. An uncertainty analysis was conducted on 
the interior-port dissolved samples and is discussed later in this section.  
Monthly concentration snapshots were taken to understand the dissolved 
concentration distributions in the tank over the course of the experiment.  These 
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snapshots include all ports fitted through the window. Previously discussed Figures 4.3 
and 4.4 show dissolved concentration profiles at the start of the experiment. Figures 4.5 
and 4.6 show the dissolved concentration profiles after three weeks of horizontal flow 
and at the end of the experiment, respectfully. 
Figure 4.5 shows the chemical dissolved concentrations in the tank’s left, center 
and right transects, relative to the height above the bottom of the tank.  The NAPL source 
zone boundaries are again outlined by the dashed lines (as they are in all remaining 
interior concentration plots).  The concentration profiles and gradients indicate that there 
are two directions of diffusion.  First there is diffusion from the NAPL source zone into 
the overlying high permeability flow zone.  This diffusion contributes to the effluent 
concentrations exiting the tank, and establishes the Type-2 source signature with time 
(discussed in the next section).  The figure also shows diffusion from the source zone into 
the underlying lower permeability layer.  Note that the lower permeability layer was 
clean at the start of the experiment, and the concentration profiles vs. time give insight on 
how a thin NAPL-impacted zone might result in a thicker source zone region of dissolved 
phase storage.   
Figure 4.6 shows the full tank profiles at the end of the experiment and allows 
notable comparisons to the data collected at the three-week mark.  Foremost, diffusion 
gradients still exist between the source zone and the flow zone and the source zone and 
the underlying lower permeability layer. While maximum source zone concentrations 
varied only slightly for most components, the dissolved concentrations of MTBE in the 
source region decreased greatly between day 21 and the end of the experiment.  
Furthermore, dissolved concentrations increased with depth beneath the source zone over 
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the course of the experiment; with concentrations in the bottom of the source zone being 
similar to those measured in the top portion of the underlying lower permeability unit.  
These final dissolved concentration profiles were integrated with depth after the 
conclusion of the experiment to estimate the percent of starting hydrocarbon mass that 
diffused into the lower permeability layer.  The results of this analysis are discussed later 
in the experiment takedown section of this chapter.   
 
Figure 4 .5. Transect concentration profiles three weeks after experiment start. 
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Figure 4 .6. Transect concentration profiles 320 days after experiment start. 
 
A sampling uncertainty analysis was performed for the Type-2 experiment by 
comparing all pairs of duplicate samples that were collected over the entire experiment.  
This included duplicate samples collected from interior ports in the high and low 
permeability layers.  The analysis revealed a chemical-independent average relative 
uncertainty of +/- 6% for all interior high permeability layer samples.  Furthermore, 
approximately 95% of the duplicate high permeability layer samples analyzed contained 
less than +/-16% uncertainty.  Interior ports in the lower permeability layer resulted in 
higher sampling uncertainty, likely due to the slow and inconsistent yield of small 
volume samples.  Samples from source zone ports were analyzed separately from others 
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to see if the possibility of NAPL entrainment within samples increased sampling 
uncertainty.  Octane duplicate samples contained an average of +/- 43% uncertainty from 
ports in the source zone, and +/- 32% uncertainty from ports beneath the source zone.  
The remaining chemicals averaged +/- 11% uncertainty in samples collected from the 
source zone and +/- 9% uncertainty from samples collected below the source zone.  
Overall 95% of the duplicate samples collected in the source zone had less than +/- 31% 
uncertainty and 95% of the duplicate samples collected beneath the source zone had less 
than +/- 29% uncertainty.  These results indicate that the samples collected from the 
NAPL region contained a slightly higher degree of uncertainty.  Furthermore, octane 
concentrations were found to be more uncertain than all other chemicals.  This could be 
due to the fact that octane has the highest Henry’s constant of all the components and is 
therefore the most sensitive to volatilization losses during sampling and analysis.  
Figures 4.7 and 4.8 describe the percentage of duplicate samples that contained 
relative uncertainty values within given percent ranges, for high permeability and lower 
permeability samples respectively. Note that Figure 4.8 considers samples collected from 
all lower permeability ports, including those in the source zone region. Both figures 
consider uncertainty values for all chemicals. 
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Figure 4.7. Distribution of relative uncertainty for duplicate high permeability dissolved 
concentration samples from the Type-2 source study. 
 
Figure 4.8. Distribution of relative uncertainty for duplicate lower permeability dissolved 
concentration samples from the Type-2 source study. 
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 Source Signature Data and Results 4.3.
As previously mentioned, the goal of this research project was to identify and 
compare the concentration vs. time signatures for different source zone types.  The 
signatures were established by collecting time series effluent dissolved concentration data 
for each chemical. Those data are shown in Figure 4.9 below.  
Dissolved concentration samples were collected multiple times daily during the 
initial stages when the concentrations were changing more rapidly.  As the effluent 
concentrations changed less with time, samples were collected once a day and then every 
third day.  During the first ten days of the experiment effluent concentrations reflect the 
initial flushing of the high permeability layer. The concentrations measured in the 
effluent after 10 d reflect the source release signature. 
 
Figure 4 .9. Type-2 source signature. 
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The effluent signature for this NAPL-containing lower permeability source is 
characterized by chemical concentration profiles that parallel one another in shape and 
slope.  This differs from the results from the Type-1 source experiment in Chapter 3 
where the long-term chemical release signatures reflected differences in solubility and 
initial composition.  
Note that on day 25, the effluent sampling procedure was changed from collecting 
3-mL samples for dilution, to collecting full 30 mL samples.  A slight increase in 
chemical concentrations, particularly octane, was observed.  After investigation, it was 
determined that the jump in concentrations was an artifact of the experiment’s sensitivity 
to sampling volume, and not related to analytical error.  Also note that the signature plot 
shows a small increase in all chemical concentrations near day 100.  This was a caused 
by a change in GC analytical calibration.  This change did not affect the overall shape of 
the concentration profiles and therefore does not significantly impact the Type-2 source 
signature.   
An uncertainty analysis was performed on the effluent signature data presented in 
Figure 4.9.  Duplicate samples were not collected from the effluent because of the 
experiment’s sensitivity to sampling volume.  In order to determine the effluent sampling 
variability, the concentrations from the last 70 days of experimentation were compared; 
when the effluent data was reasonably stable.  The average concentrations were 
calculated and the absolute percent differences of each sample from the average were 
determined.  The average chemical-independent uncertainty was calculated to be +/- 
10%.  The following Figure 4.10 shows the percentage of duplicate samples that 
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contained relative uncertainty values within given percent ranges.  For example, the plot 
shows that approximately 68% of the samples considered for the analysis contained an 
uncertainty between +/- 0-10%.  Furthermore only 6% of the data points considered had 
an uncertainty greater than +/- 30%. 
 
Figure 4.10. Distribution of relative uncertainty for duplicate effluent dissolved 
concentration samples from the Type-2 source study. 
 
 Experiment Takedown Results  4.4.
4.4.1. Type-2 final soil concentrations. After the Type-2 signature had been fully 
developed, horizontal flow was stopped and the experiment was concluded.  Soil samples 
were collected from the interior of the tank to determine the extent and mass of remaining 
contamination.  A total of 27 soil samples were collected from the three sampling 
transects of the tank (9 each), and duplicate samples were collected from 10% of the 
 87 
 
 
locations.  As described in the Materials and Methods section, these soil samples were 
collected using plastic syringes.  Each sample was pulled as a soil core that penetrated the 
entire depth of the tank. Figure 4.11 shows the sampling locations and their respective 
identifiers.  Note that 5 soil samples were collected from the source region in each 
transect.  Samples were also collected right above and right below the boundaries of the 
source layer.  Additional samples were collected in the high permeability zone and the 
low permeability zone, to insure that soil concentrations were minimal in the regions 
without NAPL. 
 
 
Figure 4.11. Type-2 source zone soil sampling locations. 
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The soil concentrations for each chemical, measured at each location, are included 
in table form in Appendix E.  The following Figures 4.12 and 4.13 show the soil results 
in graphical form.  Figure 4.12 contains three plots relating results collected in the left, 
center, and right transects.  Each plot presents soil concentrations on the x-axis, with 
respect to the height above the bottom of the tank.  Again, note that the boundaries of the 
source zone are defined in the plots using horizontal black dashed lines.  Note that an 
uncertainty analysis was performed by comparing the soil concentrations of duplicate 
samples to those of the corresponding original samples.  Results showed an average 
relative uncertainty of +/- 11% in soil concentration values. 
 
Figure 4.12. Type-2 takedown soil sample results per chemical. 
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Figure 4.13 shows the soil samples as cumulative total petroleum hydrocarbon 
(TPH) measured in each transect.  This figure contains two plots: one with a vertical scale 
spanning the height of the tank, and another with a reduced vertical scale, to focus on the 
soil concentrations in the source zone. 
 
 
Figure 4.13. Type-2 takedown soil sample results for total petroleum hydrocarbons. 
 
The figures reveal interesting results about the Type-2 experiment.  Foremost, 
final soil concentrations were not completely uniform throughout the vertical extent of 
the source layer.  There was a gradient in soil concentration in the top half of the source 
zone; a maximum soil concentration in the middle of the source zone; and a slight 
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reduction in soil concentration in the bottom of the source zone.  These results 
correspond well with the internal dissolved concentrations measured over the course of 
the experiment (Figures 4.5 and 4.6).  Over the course of the experiment, hydrocarbon 
mass was released from the top half of the source, into the overlying flow zone, via 
diffusion.  With time this caused a reduction in source mass across the top half of the 
source zone.  In addition, the diffusion of hydrocarbon mass into the lower permeability 
region underlying the source caused a reduction in source mass at the bottom of the 
NAPL-soil layer.  The reduction in source mass was greater in the top of the source 
region, compared to the bottom of the source region, because of the higher vertical 
concentration gradient and diffusive flux in response to water flow through the higher 
permeability layer. The bottom lower permeability layer accumulated dissolved 
hydrocarbon mass over the course of the experiment, and therefore diffusion gradient 
decreased with time.   
Reductions in soil concentrations in the top half of the source zone were most 
apparent in the left transect of the tank.  This is illustrated by the benzene and toluene 
profiles contained in Figure 4.5.  The dissolved concentration gradient driving the 
diffusion of hydrocarbon from the source zone was greatest in the left transect of the tank 
as that is where clean sweep flow water is entering the tank.  Dissolved hydrocarbon 
mass is accumulated as water moves left to right, which subsequently reduces the 
concentration gradients driving mass from the center and right sections of the source 
layer. Overall, the total hydrocarbon concentrations measured in the source zone were 
similar across the three transects.  This is somewhat misleading, because the majority of 
the TPH concentrations were dominated by octane, which had similar concentration 
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profiles across the source zone.  It is important to note that the total petroleum 
hydrocarbon concentrations measured in the middle of the source zone, ranged from 7200 
– 7700 mg-TPH/kg-soil.  These values are similar to, and validate, the source 
concentration estimated at the start of the experiment (7820 mg-TPH/kg-soil). 
MTBE was detected in only one soil sampling location throughout the tank 
experiment, in the top half of the middle of the source zone.  This showed that the 
majority of the MTBE mass was removed and that mass remaining was in the dissolved 
phase of the lower permeability layer (see Figure 4.6) and below the detection limit 
during the soil concentrations analysis. Also note that soil concentrations were above 
detection limits right above and below the source zone.  Total TPH concentrations right 
above the source zone were approximately two orders of magnitude less than those in the 
source, and the TPH soil concentrations right below the source were approximately one 
order of magnitude less than those in the source.  These soil concentrations were a 
consequence of the dissolved hydrocarbon residing in these locations.  Soil 
concentrations were not detected in the upper levels of the flow zone, or the lower levels 
of the underlying lower permeability material.  
The dissolved concentrations measured during the final snapshot event were used 
to estimate soil concentrations between soil sampling locations in the lower permeability 
layer.  This is illustrated in Figure 4.14 which shows soil concentration profiles for 
toluene at the end of the experiment.  The diamonds represent toluene soil concentrations 
determined from the soil samples and are the same as those plotted in Figure 4.12.  The 
circles represent the toluene soil concentrations estimated from dissolved concentrations 
in the underlying lower permeability layer at the end of the experiment.  
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Figure 4.14. Toluene transect soil concentration profiles.  
 
4.4.2. Type-2 experiment mass balance. The dissolved effluent concentration 
profiles in Figure 4.9 were integrated with time to determine the amount of mass 
removed from the tank effluent over the course of the experiment.  The dissolved 
concentration profiles collected during the final snapshot sampling event (Figure 4.6) 
were integrated with depth to determine the amount of mass remaining in the dissolved 
phase in the lower permeability layer beneath the source zone. That mass was added to 
the mass remaining in the source zone as determined from the soil samples, to perform a 
system mass balance.  The estimated mass remaining in the source zone, assuming 12.2 
kg of soil, is included in Table 4.4. Table 4.5 includes the results of the mass balance 
exercise assuming 12.2 kg of soil, while the mass balance results using 14 kg of soil are 
including the Appendix E. 
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Table 4.4.  
 
Cumulative Mass in Source Zone Based on Soil Samples 
Mass in Source [mg] 
Chemical 
Left 
Transect 
Center 
Transect 
Right 
Transect 
Entire Source 
Zone 
Octane 13100 15600 12900 41700 
n-Propylbenzene 2050 2410 2120 6590 
1,3,5 TMB 980 1160 1010 3140 
Ethylbenzene 1830 2340 2080 6250 
o-Xylene 1920 2460 2190 6570 
p-Xylene 1800 2310 2060 6170 
Toluene 1340 1790 1660 4780 
Benzene 82 121 125 328 
MTBE 0 17 0 17 
 
 
 The values included in the above table were determined by integrating the soil 
concentrations at each location (such as in Figure 4.12), and multiplying the 
concentrations by the relevant volume of source zone and the soil density.  Note that 
approximately 75.5 g of TPH was estimated to be remaining in the source at the end of 
the experiment. 
The first two columns of Table 4.5 list the starting and final chemical mass totals 
in the source zone.  The third and fourth columns, respectfully, detail the mass removed 
from the tank effluent and the dissolved mass remaining in lower permeability soil at the 
end of the experiment.  The mass values contained in the second, third, and fourth 
columns were added together and then subtracted from the starting values.  The system 
mass balance was described as a percent of mass accounted for.  Note chemical mass 
balances ranged from 80% (1,3,5 trimethylbenzene) to 126% (Benzene), and that this 
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range of values is a result of uncertainty in initial source zone composition and/or 
dissolved concentration measurement uncertainty 
 
Table 4.5.  
 
Type-2 Experiment Mass Balance 
 
Chemical 
Initial mass 
in source 
zone [g] 
Final mass 
in source 
zone [g] 
a
 
Mass 
removed 
from 
effluent [g] 
Final mass in 
dissolved phase 
in low-k 
material [g] 
System Mass 
Balance [g]
b
 
Percent 
mass 
accounted 
for [%] 
Percent mass 
removed from 
effluent [%] 
 
A B C D [A - (B+C+D)]   
Octane 44.32 41.71 0.88 0.00 1.74 96 2 
n-Propylbenzene 8.69 6.59 0.75 0.01 1.35 85 9 
1,3,5 TMB 4.49 3.14 0.43 0.01 0.91 80 10 
Ethylbenzene 9.01 6.25 1.64 0.07 1.05 88 18 
o-Xylene 9.46 6.57 1.80 0.07 1.02 89 19 
p-Xylene 8.63 6.17 1.56 0.06 0.85 90 18 
Toluene 8.17 4.78 3.17 0.21 0.00 100 39 
Benzene 1.21 0.33 1.08 0.11 -.32 126 90 
MTBE 1.98 0.02 1.77 0.02 0.18 91 89 
TPH 95.96 75.55 13.08 0.55 6.79 93 14 
a 
These values were calculated by integrating the soil concentration profiles collected for the source region at the 
end of the experiment 
b 
These values show the initial source mass, minus the remaining mass after 320 days of horizontal flow, minus the 
mass removed in the horizontal flow.  A value of zero would indicate all the system mass was accounted for.  A 
positive value means that more mass was accounted for at the end of the experiment, than was in the system 
initially.
 
 
 
The Type-2 source signature is discussed in more detail in Chapter 6: Source 
Signature Comparison and Modeling later in this Thesis. A 1-dimensional diffusive flux 
model is used to match the behavior seen in the Type-2 source experiment and the Type-
2 source signature is juxtaposed against the signatures from the Type-1 and Type-3 
sources. 
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CHAPTER 5 TYPE-3 SOURCE EXPERIMENT RESULTS 
The Type-3 source zone experiment used the physical model described in Chapter 
2 and a 9-component dissolved mixture with starting dissolved source concentrations 
similar to the Type-1 and Type-2 experiments. Effluent water samples were collected and 
analyzed for dissolved chemicals over 190 d.  The results from the experiment are 
discussed below. 
 Experiment Startup and Source Zone Creation 5.1.
5.1.1. Tank packing. The stainless steel tank was packed with two layers, nearly 
identical to that of the Type-2 experiment.  Clean lower permeability material filled the 
bottom 25.25 in (64.1 cm) of the tank and was capped with approximately 14.5 in (36.8 
cm) of higher permeability play sand.  The remaining space at the top of the tank was 
packed with pea pebbles. Well screens placed only in the higher permeability material 
created an approximate 12.5 in (31.75 cm) thick flow zone across the tank.  An influent 
flow of 3.1 ml/min established an average linear groundwater velocity near 2 ft/d.   
For this experiment, the tank was packed with clean soil and saturated with water 
prior to the introduction of chemicals.  Figures included in Appendix F show the wetting 
front during the tank saturation process.  The wetting front was even, which suggests a 
uniform packing of the sand materials. 
Figure 5.1 presents a schematic of the tank experiment after packing and water 
saturation.  Note that the position of the influent and effluent screens are represented in 
the figure using dashed and shaded rectangles. 
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Figure 5.1. Type-3 source experiment set-up. 
 
5.1.2. Dye tracer. After the tank was saturated with water, a fluorescent dye-tracer 
test was performed to characterize the resulting horizontal flow field.   Figure 5.2 shows a 
series of photographs that catalogue the tracer progression across the tank.  Water 
traveled slightly faster along the bottom half of the flow zone; however, the tracer moved 
across the tank as a relatively even bulk front.   This reaffirmed that the tank had a 
relatively uniform horizontal hydraulic conductivity distribution. Appendix F contains a 
close-up photo of the lower permeability interface after the dye tracer.  The photo shows 
diffusion of dye into the lower permeability layer; and the absence of any significant flow 
in the lower permeability layer. 
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Figure 5.2. Type-3 experiment dye-tracer test. 
 
5.1.3. Source Zone Creation. The Type 3 experiment was designed and developed 
so that the dissolved concentrations in the source zone would be similar to those 
measured during the other source zone type studies. As previously stated, this was to 
ensure that any differences in effluent signatures between experiments would not be 
attributable to differences in initial source zone compositions.    
Octane was removed and replaced with cyclohexane for this experiment.  It was 
anticipated that, due to the partitioning and subsequent retardation of octane migration 
relative to water flow (estimated retardation factor of about 20-30), the source zone 
creation process would take an exceptionally long time if octane was included.  Because 
NAPL was not present in this experiment, octane was not needed as a low solubility host 
compound as in Chapter 4.  Cyclohexane’s relatively low solubility (55 mg/L), high 
Henry’s Constant (178 L*atm/mole), and reasonable retardation factor (2.5) made it an 
attractive addition. 
To create the Type-3 source zone, a dissolved feed solution was flooded into the 
lower permeability layer from the bottom up over a ten day period.  The flooding 
procedure was stopped after reasonably uniform concentration profiles were measured for 
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all chemicals in each of the three sampling transects.  Specifically, the flooding was 
stopped after all chemicals were present at concentrations close to target values.  The 
Materials and Methods chapter contains a list of the steps taken to create the dissolved 
source zone. 
Once the dissolved source zone had been created, the high permeability layer was 
again filled with clean water from the side distribution screens. Similar to the Type-2 
experiment, the flooding of the lower permeability source region pushed some chemical 
mass into the higher permeability layer flow zone. This mass was distributed throughout 
the upper area of the tank during the water saturation step.  An initial tank synoptic 
sampling “snapshot” was performed to characterize the starting source concentration 
distributions and to identify the concentrations of chemicals that would be flushed from 
the tank soon after the start of horizontal flow. 
 Figures 5.3 presents dissolved concentration profiles at the end of the source zone 
creation process for left, center, and right vertical sampling transects (left is the up-
gradient side of the tank). Dissolved concentrations are plotted against height above the 
bottom of the tank, with the dissolved concentrations plotted on a log-scale to show 
results for all chemicals on the same plot.  Note that the black dashed lines indicate the 
location of the high/low permeability interface.   
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Figure 5.3. Initial transect dissolved concentrations after tank saturation. 
 
The profile data show varied concentrations for some chemicals in the lower 
permeability layer (i.e. cyclohexane); however, after considering the uncertainty in 
sampling and general profile trends, it was determined that the initial concentrations were 
sufficient for this experiment. The plots also show that the majority of the chemical mass 
residing in the flow region was contained in the center and right sections of the tank.  
Similar to the Type-2 experiment startup, this occurred because the higher permeability 
sand was re-saturated using horizontal flow from the well screen on the left side of the 
tank.  
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Table 5.1 below includes the average dissolved concentrations in the Type-3 
source zone right before start of horizontal flow. These concentrations are compared to 
the average starting dissolved concentrations measured in, or near, the Type-1 and Type-
2 source zones.   Starting dissolved concentrations are very similar across all 
experiments. 
 
Table 5.1.  
Starting Dissolved Concentrations in All Tank Experiments 
Dissolved Concentration [mg/L-water] 
Chemical 
Type-1 
Experiment 
a
 
Type-2 
Experiment 
b
 
Type- 3 
Experiment 
c
 
Octane 0.2 9* - 
Isopentane 9 - - 
Cyclohexane - - 6 
n-Propylbenzene 3 5 3 
1,3,5 TMB 2 3 2 
Ethylbenzene 14 12 11 
o-Xylene 17 15 13 
p-Xylene 14 11 10 
Toluene 37 33 27 
Benzene 20 21 23 
MTBE NA 44 58 
a
 Average of ports down gradient of source zone after start of flow 
b
 Average measured in NAPL source region after tank saturation 
c
 Average measured in dissolved source region after flooding 
* Octane average exceeds its solubility limit 1 mg/L) 
 
 
 Experimental Process Data and Discussion 5.2.
5.2.1. Sampling interior ports.  Monthly sampling snapshots were taken to 
characterize the dissolved concentration distributions in the tank throughout the course of 
the experiment.  These snapshots used all ports fitted through the Plexiglass window, 
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Figure 5.3 presented above contains dissolved concentration profiles at the start of the 
experiment. Figures 5.4 and 5.5 show the dissolved concentration profiles after four 
weeks of horizontal flow and at the end of the experiment, respectfully.   
 
Figure 5.4. Transect concentration profiles 28 days after the start of horizontal flow.  
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Figure 5.5. Transect concentration profiles 182 days after the start of horizontal flow. 
  
A comparison of the 182 d plots reveals that the upward vertical gradient in the 
lower permeability layer increases from left to right across the tank.  The vertical 
concentration gradients also decreased over the course of the experiment in each transect 
of the source zone. Appendix F contains concentration plots from snapshot sampling 
events between days 28 and 182 of the experiment. Figures 5.6, 5.7, and 5.8 were 
included here to show typical results for chemical concentration distributions within the 
tank.  MTBE, toluene, and o-xylene are included as examples, and the results for the 
remaining chemicals are contained in Appendix F. 
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Figure 5.6. Transect concentration profiles MTBE over entire experiment. 
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Figure 5.7. Transect concentration profiles for toluene over entire experiment. 
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Figure 5 .8. Transect concentration profiles for o-Xylene over entire experiment. 
  
A review of the plots shows that concentration profiles were relatively constant 
throughout the lower permeability layer at the start of flow (0 d).  Once flow was started 
across the higher permeability layer, concentrations depleted near the interface, and 
concentration gradients indicative of upward diffusion were established.  As time 
progressed, the concentration gradients decreased, but were fairly stable after day 84, and 
almost no change occurred in the concentration gradients between day 140 and 182.   
A sampling uncertainty analysis was performed for the Type-3 experiment 
snapshot results by comparing all pairs of duplicate samples that were collected over the 
entire experiment.  This included duplicate samples collected from interior ports in the 
higher permeability layer, and interior ports in the lower permeability layer.  An analysis 
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revealed a chemical-independent average uncertainty of +/-5% for all higher permeability 
layer samples, which is consistent with the uncertainty of the previous source 
experiments.  Like the Type-2 tank experiment, samples collected from the lower 
permeability layer resulted in higher sampling uncertainty due to the small sample 
volume and time needed to collect the sample.  The average uncertainty in samples 
collected from the source zone was +/-10%.  Overall 95% of the duplicate samples 
collected in the source zone had less than +/-25% uncertainty. These results are similar to 
the uncertainty analysis performed on the lower- permeability layer underlying the Type-
2 NAPL region.   Figures 5.9 and 5.10 describe the percentage of duplicate samples that 
contained relative uncertainty values within given percent ranges, for high permeability 
and lower permeability samples respectively.  
 
Figure 5.9. Distribution of relative uncertainty for duplicate high permeability dissolved 
concentration samples from the Type-3 source study. 
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Figure 5.10. Distribution of relative uncertainty for duplicate lower permeability 
dissolved concentration samples from the Type-3 source study. 
 
 Source Signature Data and Results 5.3.
The effluent dissolved concentrations measured since the start of the Type-3 
experiment are shown in Figure 5.11 with time.  Dissolved concentration samples were 
collected multiple times a day during the initial stages when the concentrations were 
changing more rapidly.  As the effluent concentrations changed less with time, samples 
were collected once a day and then every fourth day.  During the first five days of the 
experiment effluent concentrations reflect the initial flushing of the flow zone. The 
concentrations measured after the fifth day reflect the source release signature. 
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Figure 5.11. Type-3 source signature. 
 
The effluent signature for this dissolved source is characterized by chemical 
concentration profiles that parallel one another in shape and slope; very similar to the 
Type-2 source signature results.  This differs from the results from the Type-1 source 
experiment where the long-term chemical release signatures reflected differences in 
solubility. Note that ethylbenzene, p-xylene, n-propylbenzene, and 1,3,5 
trimethylbenzene had concentrations points that hit their quantification limit of 0.005 
mg/L-water. 
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As was mentioned in Chapter 2, full effluent sample volumes (30 mL) were 
collected using two methods.  Prior to day 75, a valve was opened and 30 mL were 
drained from the tank into a sample vial. After day 75, a 50 mL glass syringe was used to 
pull a 30 mL sample over ten minutes (at the same flow rate of the tank experiment).  
This switch in sampling technique was done to minimize any uncertainty that might be 
caused by having the sample quickly pour from the tank. 
The concentration profiles for n-propylbenzene and ethylbenzene are noticeably 
more variable and less smoothly varying than the other components.  This behavior is 
interesting because n-propylbenzene usually behaves similar to 1,3,5 trimethylbenzene 
and ethylbenzene usually parallels o-xylene and p-xylene (as seen in the signature results 
from the previous two tank experiments).  A sampling test was performed near day 135 to 
determine if the behavior could be attributed to the uncertainty in sampling analysis 
procedures.  Several tank effluent samples were collected over the course of an hour, day, 
and week.  The variations in n-propylbenzene and ethylbenzene concentrations over each 
of these time periods were consistent with the scattered behavior seen the tank effluent 
over the previous 100 days.  These results showed that the scattered behavior was not an 
artifact of the sampling analyses.   
An uncertainty analysis was performed on the effluent signature data presented in 
Figure 5.11.  In order to determine the effluent sampling variability, the concentrations 
collected in a single day were compared.  Average concentrations were calculated and the 
absolute percent differences of each sample from the average were determined.  The 
average chemical-independent uncertainty was calculated to be +/-14%.  The following 
Figure 5.12 shows the percentage of duplicate samples that contained relative uncertainty 
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values within given percent ranges.  For example, the plot shows that approximately 55% 
of the samples considered for the analysis contained an uncertainty between +/- 0-10%.  
Furthermore only 10% of the data points considered had an uncertainty greater than      
+/- 30%. 
 
Figure 5.12. Distribution of relative uncertainty for duplicate effluent dissolved 
concentration samples from the Type-3 source study.  
 
 Experiment Takedown Results  5.4.
5.4.1. Sorption studies. At the end of the dissolved-source experiment, 
approximately 1-2 kg of soil was collected from the source zone region to be used for 
sorption studies.  The total chemical mass contained in the source zone at any time can be 
estimated by summing the mass sorbed to the soil and mass in the dissolved phase 
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(assuming a water-saturated system).  The mass in the dissolved phase can be calculated 
for each sampling snapshot during the course of the experiment.  The mass sorbed to the 
lower permeability layer soil was not measured directly, but can be estimated from the 
dissolved concentration results using equilibrium partitioning expressions and 
parameters.  For example, the dissolved concentration of a chemical Cw [mg-i/L-water] 
can be related to the sorbed concentration Cs [mg-i/kg-soil] through a relationship known 
as a sorption isotherm.  The following relationship, known as the Freundlich isotherm, is 
often used (Schwarzenbach et al., 1993).   
 
Cs  = K * Cw
n
      (Eq. 5.1) 
 
The constant, K,  is known as the sorption coefficient and n is an exponential 
measure of the partitioning linearity between the dissolved and sorbed phases.  For the 
case where n < 1, adsorption of additional chemical molecules becomes limited at high 
sorbed concentrations.  For the case where n >1, the affinity of the chemical molecules 
for the sorbed phase increases with higher dissolved concentrations.  The case n = 1, 
reveals a linear relationship where sorbed concentration increases consistently with 
increasing dissolved concentration (Rogers et al. 1980; Schwarzenbach et al., 1993).  
When n = 1, the K term has units of [L-water/kg-soil].  A variety of factors can affect the 
chemical-specific sorption capacity of a soil.  These include but are not necessarily 
limited to: particle size distribution; polarity of both the chemical and soil surfaces; and 
organic matter content of the soil.  Studies have been conducted to estimate the sorption 
isotherm relationships for chemicals of interest and different soil systems, and it is not 
uncommon to see sorption coefficients reported over an order of magnitude range 
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(Karickhoff, Brown, & Scott, 1979; Schwarzenbach et al. 1993).  Given this, it was 
decided that the most confident estimation of sorbed mass within the source zone would 
be calculated by empirically determining the sorption relationship for the test 
hydrocarbons and the soils used in this study. 
 A sorption batch experiment was adapted from previously published sorption 
studies (Karickhoff et al., 1979; Li & Gupta, 1994; Rogers et al., 1980).  Specifically, a 
known mass of dissolved hydrocarbon was added to several vials containing soil used in 
the Type-3 physical model experiment.  Concentrations spanned three orders of 
magnitude, and included dissolved concentrations similar to those measured in the tank 
source zone.  The vials equilibrated over 3 days and were shaken periodically to ensure 
complete mixing.  After three days, the hydrocarbon mass residing in the dissolved and 
vapor phases was determined analytically using GC-FID analysis.  These mass values 
were subtracted from the initial mass inserted into the vials, and the difference was taken 
as mass sorbed to the soil.  The mass sorbed was then divided by the mass of soil, to 
attain the sorbed concentrations of each chemical in each vial. These soil concentrations 
were plotted against the corresponding dissolved concentrations measured at the end of 
the study.  A sorption isotherm analysis was applied to each data set and is described in 
the subsequent paragraphs. Appendix F contains a more detailed description of the 
sorption study methods.  
 The logarithm of each soil concentration was plotted against the logarithm of its 
respective dissolved concentration.  A linear trendline was fit to the resulting data with 
the form of: 
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logCs?=?n log Cw- logK  (Eq. 5.2) 
Where Cs, Cw, n, and K are as defined above.   
 
Trendlines were used to determine the K and n values for each chemical.  Note 
that results were obtained for all chemicals except for cyclohexane.  The sorption study 
results for cyclohexane yielded negative sorbed masses in some cases, most likely due to 
its large Henry’s Law Constant. Figure 5.13 shows the results of the sorption study for 
MTBE as an example of results for other chemicals used in this study. The figure shows 
the sorption data plotted with a linear trendline fit. Table 5.2 contains the sorption study 
results for all of the chemicals tested.  
 
Figure 5.13. MTBE sorption study results.  
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The tabulated results show that the empirical sorption coefficients range over 
nearly two orders of magnitude, with MTBE having the smallest value and                      
n-propylbenzene and 1,3,5 trimethylbenzene having the largest values.  The partitioning 
between the water and sorbed phases was linear for ethylbenzene.  Others chemicals, 
including MTBE, o-xylene, n-propylbenzene, and 1,3,5 trimethylbenzene tended to sorb 
more with increasing dissolved concentration (n >1).  The remaining chemicals (benzene, 
toluene, and p-xylene) were less linear in their partitioning, and tended to sorb less as the 
dissolved concentrations increased (n<1).   
The empirical values of K and n were used to estimate the soil mass in the Type-3 
source experiment. This is discussed in the following section of this chapter. 
 
Table 5.2.  
Sorption Study Results 
Chemical  Ks 
a
  n [dimensionless] 
Correlation R
2 
of 
Regression to Sorption 
Data 
Cyclohexane NA NA NA 
n-Propylbenzene 1.380 1.10 0.98 
1,3,5 TMB 1.289 1.21 0.98 
Ethylbenzene 0.518 1.00 0.99 
o-Xylene 0.290 1.11 0.99 
p-Xylene 0.616 0.81 0.97 
Toluene 0.476 0.65 0.98 
Benzene 0.345 0.48 0.96 
MTBE 0.049 1.28 0.99 
a
 The Ks and n values were determined by fitting the Freundlich isotherm equation to the 
data. 
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A sorption relationship for cyclohexane had to be developed to complete the 
experimental mass balance for the Type-3 study.  Karickhoff et al. (1979) published an 
empirical relationship that relates the octanol-water coefficient, fraction of organic 
carbon of a given soil, and the sorption coefficient of that chemical in the soil.  The 
relationship is as follows, and note that this equation is intended for situations where       
n = 1. 
 
Ks ?=?0.63 foc Kow  (Eq. 5.3) 
Where: 
foc [g-OC/g-soil] =  the fraction of organic content  
Kow [L-water/L-octanol] = the octanol water partitioning coefficient  
Ks is listed to have units of [L-water/kg-soil] 
 
To assess if this equation could be used for cyclohexane, it was tested with the 
other chemical having a Kow value similar to cyclohexane.  1,3,5 trimethylbenzene had 
the closest referenced Kow value (2630) to cyclohexane (2754) . Using its published 
Kow value, and the measured foc for the lower permeability soil of 0.002 g-OC/g-soil, a 
Ks value was calculated for 1,3,5 trimethylbenzene.  That Ks value was then used to 
predict the resulting sorbed concentrations in each sorption study vial, using the 
measured dissolved concentrations.  The comparison is included in the following Figure 
5.14.  It is evident that the Karickhoff relationship overestimates the sorption of 1,3,5 
trimethylbenzene to the lower permeability soil used in Type-3 experiment.  This was 
found to be true for all other chemicals except MTBE.  Thus, using the Karickhoff 
relationship would overestimate the starting soil mass in the Type-3 experiment, and 
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would result in an uncertain mass balance calculation.  Consequently, the sorption study 
results for 1,3,5 trimethylbenzene were manipulated to estimate a sorption relationship 
for cyclohexane. 
 
Figure 5.14. Karickhoff prediction vs. sorption study results for 1,3,5 trimethylbenzene. 
 
 The first step to developing a cyclohexane sorption equation was to redefine 
equation (5.1) as: 
 
 
Cs?=?[KCwn-1]Cw    (Eq. 5.4) 
 
Where we then define: 
 
Keff?=?[KCwn-1]       (Eq. 5.5) 
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And further combine Eq. 5.5 with the Karickhoff equation to create: 
 
 
Keff
0.63 Kow
=?foceff      (Eq. 5.6) 
 
 
  The K and n values in Eq. 5.5 were used as those empirically determined for 
1,3,5 trimethylbenzene in the sorption tests.   The effective foceff value was then plotted 
with the dissolved concentrations measured in the sorption study.  A power trendline was 
fit to the plotted data, and equation was determined for the effective foc in terms of 
dissolved concentration.  The plot is included in the following Appendix F.  The trendline 
was combined with equations 5.6 and 5.3 to determine the following equation for 
estimating the sorbed cyclohexane concentration, in the lower permeability material, for a 
measured dissolved concentration: 
 
Cscyclo = (0.0008Cw
0.211
)0.63 kow Cw  (Eq. 5.7) 
 
 
5.4.2. Type-3 experiment mass balance. The dissolved effluent concentration 
profiles (Figure 5.11) were integrated with time to determine the amount of mass 
removed from the tank effluent during the course of the experiment.  The dissolved 
concentration profiles collected during the first and final snapshot sampling events 
(Figures 5.3 and 5.5) were integrated with depth to determine the amount of mass starting 
and remaining in the dissolved phase inside the source zone.  The dissolved 
concentrations collected during these sampling events were used, along with the sorption 
relationships determined from the sorption studies, to estimate the amount of 
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hydrocarbon soil mass sorbed in the source zone and the beginning and end of the 
experiment.  The dissolved and sorbed masses were added together to estimate the total 
chemical mass in the source region at the start of the experiment, and at the end of the 
experiment.  The amount of mass removed from the tank effluent was added to the final 
source zone mass, and then compared to the starting source zone mass.  This comparison 
resulted in a mass balance for each chemical. Table 5.3 includes the results of the mass 
balance exercise. 
Table 5.3 
 
Type-3 Experiment Mass Balance 
 
Chemical 
Starting Source 
Mass [mg] 
Final Source 
Mass [mg] 
Mass Removed 
From Effluent 
[mg] 
Mass Balance 
[%] 
Cyclohexane 1315 899 304 91 
n-Propylbenzene 395 280 40 81 
1,3,5 TMB 402 287 42 82 
Ethylbenzene 911 543 137 75 
o-Xylene 934 522 164 73 
p-Xylene 707 411 112 74 
Toluene 1409 905 318 87 
Benzene 1042 792 287 104 
MTBE 2766 2426 700 113 
 
 
The system mass balance was described as a percent of mass accounted for.  Note 
chemical mass balances ranged from 73% (o-Xylene) to 113% (MTBE), and that this 
range of values is a result of uncertainty in sorption relationships and/or dissolved 
concentration measurement uncertainty. 
 119 
 
 
The Type-3 source signature is discussed in more detail in the Source Signature 
Comparison and Modeling chapter later in this Thesis. A one-dimensional diffusive flux 
model is used to describe the behavior seen in the Type-3 source experiment and the 
Type-3 source signature is juxtaposed against the signatures from the Type-1 and Type-2 
sources. 
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CHAPTER 6 EQUILIBRIUM NAPL PARTITIONING EXPERIMENT  
 The physical model tank experiments measured release signatures associated with 
three source types.  For comparison, a fourth physical model study that simulates ideal 
equilibrium partitioning between NAPL and water was conducted.  The background, 
experimental apparatus, sampling procedures, and results are discussed below 
 Background 6.1.
Liu (2004) advanced the concept of “accelerated source zone weathering tests” 
using well-mixed batch equilibrium tests to anticipate the long-term effects of water 
flowing through NAPL-impacted source zones, and illustrated their use for diesel fuel 
and diluent source zones.  Others had previously used similar tests to study partitioning 
and develop simple models for composition changes with time. Liu (2004) designed an 
experiment that used a glass-syringe as a well-mixed vessel with variable volume.  The 
syringe was injected with an initial volume of NAPL liquid and clean water.  The syringe 
was set on a stir plate, and a magnetic stir bar situated in the syringe provided water and 
NAPL mixing.  Once equilibrium partitioning was achieved, the water was displaced 
from the syringe and replaced by a new volume of clean water.  The impacted water was 
analyzed for dissolved TPH concentrations and for dissolved concentrations of chemicals 
of interest (benzene, toluene, ethylbenzene, xylene and naphthalene).  This batch-wise 
procedure enabled rapid equilibrium partitioning time and allowed for complete water-
NAPL contact.  This approach eliminated mass transfer limitations that would otherwise 
occur if a one-dimensional experiment, with water flow through NAPL saturated porous 
media, were accelerated using elevated flow rates. Liu (2004) also showed how bench-
 121 
 
 
scale batch results could be scaled to predict the dissolution weathering history for field 
sites. 
Lenski (2004) conducted a similar experiment but focused on the accelerated 
dissolution weathering of jet fuel-impacted source zones.  The bench scale dissolution 
experiment used a modified version of the apparatus from Liu (2004).  Similarly, an 
initial volume of jet-fuel was injected into a glass syringe, and subsequent flushing 
volumes of water were used to rapidly dissolve the source.  TPH concentrations, and 
dissolved concentrations of nine hydrocarbons of interest were tracked in each syringe 
flush.  The hydrocarbons of interest included: benzene, toluene, ethylbenzene, xylenes, 
trimethylbenzenes, and naphthalene.  Experimental results were used to project the long-
term groundwater impacts at jet-fuel-impacted field sites. 
While the results from these studies provide insight into the ideal dissolution 
behavior of petroleum source zones, they cannot be used in comparison to the source 
signatures established in the tank experiments due to differing source compositions.  A 
NAPL-water equilibrium partitioning experiment was designed using an apparatus and 
procedure similar to those developed by both Lenski (2004) and Liu (2004).  The starting 
NAPL composition was designed to be similar to that used for the Type-1 and Type-2 
experiments.   
 Materials and Methods 6.2.
6.2.1. Bench test apparatus. The equilibrium NAPL partitioning experiment was 
designed so that a small volume of NAPL liquid could be added to a well-mixed vessel 
containing clean water.  The water and NAPL were mixed using a magnetic stir bar.  
After complete mixing the impacted volume of water was removed from the vessel, while 
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the NAPL remained.  A clean volume of water replaced the extracted volume, and the 
mixing process was iterated.  This sequential batch mixing procedure was conducted for 
multiple flushing volumes until the equilibrium dissolution behavior of the NAPL source 
was established. 
The experimental apparatus was modeled after the design developed in Lenski 
(2004) and Liu (2004).  A 500 mL VICI Precision Sampling gas-tight syringe was used 
as the mixing vessel.  The syringe had a glass wall, Teflon plunger, and Teflon head.  The 
syringe head was fitted with a 1/4-in Swagelok piece that was secured to a Luer-lock 
connection tip.  The Luer-lock connection was joined to a stainless steel Luer-lock stop-
lock valve, which was then connected to an inline NAPL filter to prevent migration of 
small NAPL droplets from the syringe reactor and into water samples.  The NAPL filter 
consisted of a 47-mm polycarbonate filter holder and a 47-mm (Toxicity Characteristic 
Leaching Procedure (TCLP) filter.  The effluent end of the filter was connected to 
another stainless Luer-lock valve, which was then connected to a glass sampling syringe 
(note that both 5 mL and 50 mL glass syringes were used for sampling).  Figure 6.1 
illustrates the system components used.  Note that the stir plate used for mixing is not 
included in the figure. 
 
 
Figure 6.1. Equilibrium partitioning experimental apparatus set-up. 
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6.2.2. Experimental startup and operation procedures.  A 9-component idealized 
NAPL mixture was designed and created to have similar mass fractions to those of the 
Type-1 and Type-2 tank experiment source zones discussed in Chapters 3 and 4.   The 
composition of the NAPL mixture was characterized using methanol extraction and GC-
FID direct injection as discussed in Appendix A.  A NAPL volume of 4 mL was added to 
the 500 mL glass syringe at the start of the experiment, after preliminary trials showed 
that a 100:1 volume-water:volume-NAPL ratio provided enough hydrocarbon mass in the 
system to start with dissolved hydrocarbon concentrations similar to those measured in 
the source release experiments.  This volume of NAPL allowed for the general 
dissolution behavior to be developed in a reasonable time frame (after 70 flushing 
volumes through the syringe).  Note that starting with a smaller volume of NAPL would 
have allowed for more dissolution weathering for the same amount of water, but it was 
determined that smaller volumes of NAPL did not contain enough starting mass to reach 
desired initial dissolved concentrations.  Furthermore, using a smaller volume of NAPL 
made mass losses incurred during the course of the experiment more significant to the 
overall uncertainty of the system mass balance.  The relevance of mass losses during the 
experiment is discussed in the results section of this chapter. 
  The following list details the steps taken to start the bench-scale experiment after 
the creation of the NAPL mixture.  The list also details the experimental operating 
procedures. 
1) A one-inch magnetic stir bar was placed inside the 500 mL glass syringe 
2) 400 mL of reverse-osmosis water was injected into the glass syringe reactor 
using a 60 mL plastic syringe.  The syringe was pointed upward and the 
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plunger was depressed, in order to remove the majority of air trapped in the 
system. 
3) The Swagelok fitting was removed from the head of the syringe.  Water did 
not drain from the syringe due to capillary pressure at the opening.  4 mL of 
NAPL liquid (dyed red with Sudan IV) was injected into the vessel, using a 
gas-tight 5 mL glass syringe (with Teflon plunger) outfitted with a 6-in long 
stainless steel needle.  The long needle penetrated through the opening and 
allowed for the NAPL to be injected into the center of the syringe.  This 
prevented NAPL from getting trapped in the Teflon throat of the syringe and 
ensured the total volume would be available for mixing. 
4) The Swagelok fitting was re-threaded to the syringe mouth, and a stop lock 
valve was added to the fitting to seal the system.   
5) The syringe was carefully strapped on top of a magnetic stir plate and padded 
using a sheet of bubble wrap 
6) The stir plate was turned on and left at the highest setting where the stir bar 
rotated inside the syringe without wobbling or bouncing 
7) The syringe was left to sit for a minimum equilibration time of 12 hours, 
which was determined by Liu (2004) for diesel fuel dissolution in the same 
apparatus. 
8) After mixing, the syringe was removed from the stir plate and situated in a 
support basket attached to the edge of the fume hood.  The support basket 
shown in Figure 6.2 held the syringe in position which prevented the 
experimenter from dropping it during water flushing.  
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9) The syringe’s stop lock valve was connected to an inline NAPL filter, which 
was then connected to another stop lock and gas-tight sampling syringe.   
10) The stop locks were opened and the plunger of the 500 mL syringe was 
pushed slowly towards the opening.  The plunger was pushed at 
approximately 2 mL/s, which was anticipated to be slow enough to prevent 
NAPL losses between the plunger and glass wall of the syringe. 
11) Approximately 30-50 mL of impacted water was dispensed from the syringe 
so that the air entrapped in the NAPL filter and sampling syringe was 
displaced.  Once the system components were completely saturated, a water 
volume (3 mL or 30 mL depending on dissolved concentrations and required 
dilutions) was pushed into the sampling syringe.   
12) Once the sampling syringe was full, it was disconnected with the stop lock 
valve.  This ensured that the sample would not volatilize or spill from the 
syringe during transport to the sample vial 
13) The sample was then inserted into a 40 mL glass VOA vial and analyzed for 
dissolved concentrations of the hydrocarbon constituents. 
14) The remaining volume of water was dispensed from the syringe until 
approximately 20 mL of water remained. Note that not all the water could be 
removed from the syringe due to the position of the magnetic stir bar and to 
prevent NAPL from being pushed into the syringe’s throat. 
15)  The NAPL filter was then removed, and a 60 mL plastic syringe was 
connected to the 500 mL glass syringe via the stop-lock/ Swagelok fitting.  
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This syringe was used to re-inject clean water into the experiment apparatus 
until 400 mL of water was again in the syringe. 
16) The mixing and sampling procedure was reiterated until 70 flushes were 
conducted 
17) Note that after nine flushing volumes, the volume of water added to the 
syringe was increased to 450 mL and the amount of water left in the syringe 
during each flushing was increased to 50 mL.  This was done because it was 
expected that leaving only 20 mL of water in the syringe was causing the 
Teflon plunger to contact the NAPL blob and consequently smear NAPL 
along the syringe walls.  The plunger often did not contact the NAPL when 50 
mL of water remained in the syringe. 
Figure 6.2 shows the syringe situated in the support basket and prepared for water 
flushing. Figure 6.3 shows the mixing experiment during operation.  Note that the figure 
shows the syringe strapped to the stir plate, and both water and NAPL are visible. 
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Figure 6.2. Equilibrium partitioning experimental apparatus during syringe flushing. 
 
 
Figure 6.3. Syringe containing NAPL and water. 
 
6.2.3. Experiment takedown.  After 70 flushing volumes, the experiment was 
stopped and measures were taken to estimate the composition and mass of the remaining 
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NAPL.  Similar to the start of the experiment, a glass syringe fitted with a long stainless 
steel needle was used to extract the available NAPL.  The extracted NAPL was dissolved 
in methanol and analyzed using a GC-FID direct injection procedure.  It was impossible 
to remove all the remaining NAPL because volumes remained in small globules attached 
to the Teflon components of the syringe.  The volume of unreachable NAPL was 
estimated visually before methanol was added to the syringe in an attempt to extract it.  
The extraction process did not succeed as the methanol was spilled from the syringe.  The 
results of the experiment takedown are included in the next sections of this chapter. 
 Experiment Startup Results 6.3.
Table 6.1 shows the starting composition of the NAPL mix injected into the 
experiment.  The composition is defined in terms of component mass fractions and mole 
fractions.  Furthermore, the starting mole fractions and pure component solubilities were 
used to predict the dissolved concentrations of hydrocarbons in the first volume of water 
flushed from the syringe.  These predicted concentrations are compared to the measured 
concentrations from the first syringe flush.  Note that measured values compare well to 
those predicted, except for MTBE.  The starting dissolved concentration for MTBE was 
limited by the amount of mass of MTBE in the NAPL volume.   Although lower than 
anticipated, the starting dissolved MTBE concentration was still within an order of 
magnitude of those measured in the physical model tank experiments and was deemed 
acceptable.   
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Table 6.1 
Summary of Equilibrium Partitioning Experiment Starting Conditions 
Chemical 
Starting     
Mass fraction 
Starting   
Mole fraction 
Component 
Solubility              
[mg/L-water] 
Anticipated 
dissolved    
concentration in 
first syringe 
flush          
[mg/L-water] 
Measured 
dissolved    
concentrations in 
first syringe 
flush         
[mg/L-water] 
Octane 0.618 0.623 0.7 0.4 0.2 
n-Propylbenzene  0.051 0.049 60 2.9 2.2 
1,3,5 TMB 0.034 0.032 73 2.4 1.7 
Ethylbenzene 0.096 0.095 140 13.3 16.3 
o-Xylene 0.086 0.084 162 13.7 16.9 
p-Xylene 0.054 0.053 198 10.5 9.8 
Toluene 0.054 0.055 515 28.1 32.3 
Benzene 0.007 0.007 1780 13.1 15.2 
MTBE 0.001 0.001 42000 46.0 6.3a 
a 
Note that the MTBE concentration is noticeably lower, because the NAPL source did not have 
enough starting MTBE mass to reach the predicted 46 mg/L-water starting concentration without 
significant change in NAPL composition 
 
 
 Experimental Process Data and Discussion 6.4.
Figure 6.4 presents results from the NAPL equilibrium dissolution experiment.  
The plot presents the measured dissolved concentrations in terms of the batch flushing 
number.  The plot reveals concentration vs. batch flush number profiles very similar to 
concentration vs. time plots for the Type-1 source signature.  Specifically, chemicals 
depleted from the NAPL source in order of increasing solubility and depletion rates 
varied between chemicals. MTBE dissolved first, followed by benzene, and then by 
toluene.  Ethylbenzene, p-Xylene, and o-Xylene concentrations reduced by an order of 
magnitude and were the next compounds to dissolve from the source.  The concentrations 
of the less soluble compounds n-propylbenzene and 1,3,5 trimethylbenzene declined by a 
factor of two.  The xylene concentrations increased through the first 15 flushes and then 
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decreased.  The n-propylbenzene and 1,3,5 trimethylbenzene concentrations increased for 
the first 15 flushes, plateaued, and then decreased after flush number 40.  The octane 
dissolved concentrations increased throughout the course of the experiment.  This 
behavior was a result of the changing NAPL composition.  As the less-soluble 
compounds were removed, the remaining chemicals increased in mole fraction and 
consequently increased in dissolved concentration.  Because octane was the low-
solubility host compound, its concentrations only increased throughout the course of the 
experiment as its mole fraction in the NAPL could only increase.  These results are 
consistent with the behavior seen in the Type-1 source tank.   
 
Figure 6.4. NAPL equilibrium partitioning experiment dissolution results.  
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The results from the bench-scale and Type-1 experiments were compared by 
normalizing the experimental results using theory developed by Liu (2004).  In that 
approach, batch flushing results can be converted to a concentration vs. time plot given a 
source zone mass and groundwater discharge through the source.  The results from the 
Type-1 source experiment were compared directly to the equilibrium dissolution behavior 
using this normalization approach and assuming similar NAPL densities. Figures 6.5 and 
6.6 show the data for the bench-scale and Type-1 experiments respectively. Note that the 
data are plotted using the same x-axis scale for easier comparison. 
 
 
 
Figure 6.5. Batch NAPL equilibrium flushing results, presented as dissolved 
concentrations vs. cumulative flushing volume/ initial NAPL volume. 
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Figure 6.6. Type-1 dissolved concentrations with respect to cumulative water flushing 
volume/ initial NAPL volume. 
 
A comparison of the figures reveals some characteristics of the Type-1 source 
signature. First it is noted that the travel time behavior for octane in the Type-1 
experiment was not present in the batch equilibrium partitioning results.  This is because 
the bench-scale experiment was not two-dimensional and therefore chemicals did not 
travel between the NAPL body and the sampling location.  Second it is important to note 
that the rate at which MTBE and benzene depleted was consistent between the bench-
scale and Type-1 NAPL sources.  Toluene also depleted at a similar rate in both 
experiments.  Note that toluene dropped to its calibration limit concentration of 0.005 
mg/L-water in the equilibrium-partitioning experiment with in a linear fashion on the 
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semi-log plot, while the Type-1 plot shows a tailing behavior at concentrations below 
0.03 mg/L-water. The tailing can be described as a reduction in profile slope 
(concentration/time). The difference suggests that the tailing behavior in the Type-1 
signature was a result of the experimental system and not equilibrium partitioning 
between NAPL and water.  This asymptotic behavior has been noticed in previous multi-
component NAPL dissolution studies, including but not limited to Borden and Kao 
(1992), Rixey (1996), and was suggested to be a result of mass transfer limitations from 
residually trapped NAPL.  After a NAPL source is considerably dissolved, small 
interporous ganglia of NAPL can reside in zones that are bypassed by water flow.  The 
transfer of mass from these ganglia is limited by diffusion from the NAPL phase to the 
bypassing aqueous phase.  A review of the data in Figure 6.6 suggests that ethylbenzene 
and the xylenes may also have had tailing effects at lower dissolved concentrations.  This 
study was not concerned with quantifying these mass transfer limitations, but rather 
identifying their possible contributions to the Type-1 source signature. 
 Experiment Takedown Results 6.5.
After the partitioning experiment was operated for 70 flushing volumes, and the 
equilibrium dissolution behavior had been established using dissolved concentration 
profiles, the experiment was stopped.  At the end of the experiment the remaining NAPL 
was extracted using and syringe and analyzed for mass and composition.  Note that not 
all of the remaining NAPL mass was mechanically removable, and an attempt was made 
to dissolve the unreachable NAPL in methanol.  The attempt failed as the methanol used 
to dissolve the NAPL was accidently spilled during the process.  Therefore an estimation 
of the mass unaccounted for was used to perform a mass balance on the experiment. 
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Table 6.2 summarizes of the NAPL equilibrium partitioning experiment mass balance.  
Note that the tabulated information only considers the volume of NAPL that was pulled 
from the syringe at the end of the experiment and does no attempt to estimate the mass of 
NAPL unaccounted for after the methanol extraction attempt.  
The mass balances were reasonably complete for MTBE, benzene, toluene, 
ethylbenzene, p-xylene, and o-xylene, and deviations from 100% were randomly 
distributed.  These chemicals had minimal mass concentrations in the remaining NAPL 
mixture, and were therefore not significantly affected by the uncertainty in remaining 
NAPL volume.  Octane, n-propylbenzene, and 1,3,5 trimethylbenzene still carried 
significant mass concentrations in the NAPL at the end of the experiment and therefore 
had low mass balance percentages.   
 
Table 6.2 
Mass Balance Summary of Equilibrium Partitioning Experiment 
Chemical 
 
Mass starting 
NAPL  [mg] 
Mass 
removed 
flushing 
[mg] 
Mass 
remaining 
NAPL    
[mg] 
Mass 
removed + 
remaining                   
[mg] 
Mass 
Balance    
[%] 
Octane 1865.8 12.8 994.6 1007.4 54 
n-Propylbenzene  153.6 73.6 34.6 108.2 70 
1,3,5 TMB 101.8 54.6 22.7 77.3 76 
Ethylbenzene 288.4 259.5 4.1 263.6 91 
o-Xylene 261.1 249.5 2.7 252.2 97 
p-Xylene 162.0 169.2 3.2 172.4 106 
Toluene 161.8 174.2 0.0 174.2 108 
Benzene 21.5 24.8 0.0 24.8 115 
MTBE 3.2 2.9 0.0 2.9 91 
TPH 3019.1 1021.1 1061.9 2083.0 69 
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Table 6.3 presents hypothetical mass balance percentages if an additional volume 
of NAPL is factored in; specifically that volume of NAPL that remained in the syringe 
but was not effectively extracted with methanol. The first row in the following table 
relists the mass balance results from Table 6.2.  The second and third rows recalculate the 
mass balance values assuming and additional 0.5 and 1 mL of lost NAPL volume.  These 
volumes of NAPL were chosen based on a visual estimate before the methanol extraction 
process was attempted.  The results suggest that if 1 mL of NAPL still remained in the 
syringe, then the experimental mass balances would have been 85% or higher for all 
chemicals. Note that Figure 6.7 shows some NAPL sorbed to the syringe plunger prior to 
attempting to extract using methanol. 
 
Table 6.3 
Change in Mass Balance of Equilibrium Partitioning Experiment 
Chemical 
Mass balance no 
additional NAPL  
[%] 
Mass balance      
0.5 mL additional 
NAPL [%] 
Mass balance      
1 mL additional 
NAPL [%] 
Octane 54 72 90 
n-Propylbenzene  70 78 85 
1,3,5 TMB 76 83 91 
Ethylbenzene 91 92 92 
o-Xylene 97 97 97 
p-Xylene 106 107 108 
Toluene 108 108 108 
Benzene 115 115 115 
MTBE 91 91 91 
TPH 69 81 92 
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Figure 6.7. NAPL remaining at end of experiment and attached to Teflon plunger. 
 
 The uncertainty in the system mass balance is not only attributable to the 
unknown volume of NAPL remaining in the syringe at the end of the experiment, but 
may also be related to uncertainty in NAPL analysis, dissolved concentration 
measurement, and possible mass losses during experimentation.  An uncertainty analysis 
was performed on the dissolved concentration data presented in Figure 6.4. Roughly 30% 
of all dissolved samples were collected in duplicate and analyzed.  The average absolute 
uncertainty between duplicate samples was found to be +/-2.5%.  There were two 
possible sources for mass losses during the experiment.  Foremost, NAPL staining was 
visually observed on the side wall of the Teflon plunger (Figure 6.8), suggesting mass 
loss due to migration of NAPL from the syringe’s interior.  The second possible source of 
mass loss could have been due to vapor losses from the top of the syringe.  The head of 
the syringe reactor was threaded to the glass body, and over the course of the experiment 
a small bubble (5 mL) was introduced into the syringe.  It is hypothesized that the bubble 
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was drawn into the syringe through the threads during the subsequent flushes.  The vapor 
pathway could have led to mass volatilization losses. 
 
 
Figure 6.8. NAPL staining behind syringe plunger. 
 
Despite the uncertainty in the system mass balance for some chemicals, the 
equilibrium-partitioning experiment was successful in establishing the equilibrium 
dissolution behavior of the idealized NAPL mixture used for the source release 
experiments.  Results indicated that the Type-1 source signature was primarily a result of 
equilibrium NAPL-water partitioning, and that mass transfer limitations possibly existed 
for some chemicals at low dissolved concentrations.  Furthermore, the obvious 
differences between the equilibrium-partitioning concentration profiles, and the Type-2 
and Type-3 signatures, proved that these tank experiments were controlled by diffusive 
mass transfer and not NAPL dissolution. 
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CHAPTER 7 SIGNATURE COMPARISON AND MODELING ANALYSIS 
The previous chapters describe the experiments and present results for each of the 
source-type physical model experiments and the batch equilibrium study. This chapter 
compares the concentration vs. time “signatures” and compares them with simple 
modeling approaches. 
 Comparison of source signatures 7.1.
The signatures from the three source-type experiments shown in Figures 3.12, 4.9, 
and 5.11 were normalized for direct comparison. Normalization removes differences in 
starting dissolved concentrations and effects caused by tank flooding (such as initial 
flushing of the high permeability regions of the Type-2 and Type-3 experiments).  For the 
Type-1 study, effluent concentrations for each chemical were normalized to the 
maximum effluent concentration for that chemical measured during the experiment.  For 
the Type-2 experiment, effluent concentrations for each chemical were normalized to the 
maximum effluent concentration for that chemical after water flow had flushed out any 
chemicals initially present in the higher permeability zone as a result of tank flooding; 
this was about day 10 after the start of horizontal water flow.  The Type-3 source data 
were normalized similarly to the Type-2 results, using the data at day 5 after the start of 
horizontal water flow.   
The normalized concentrations for all source types are plotted with time in Figure 
7.1.  The results are presented from left to right in the following order: Type-1, Type-2, 
and Type-3 sources.  The normalized concentrations are plotted on a log-scale and the 
time scales are linear and range from 0-300 d for each experiment. Note again that t=0 
represents the start of horizontal flow in each tank.   
 139 
 
 
 
 
Figure 7.1. Comparison of source signatures measured in physical model studies for 
Type-1, Type-2, and Type-3 sources, presented from left to right, respectively. 
 
 A review of Figure 7.1 reveals differences and similarities between source 
signatures: 
·   The Type-1 signature is clearly different from the Type-2 and Type-3 sources.  
Type-1 concentration vs. time profiles are chemical-specific, with depletion 
occurring in the order of increasing pure component solubility.  Concentrations 
for the more soluble components like MTBE and benzene decline monotonically 
with time, while concentrations for the less soluble components like n-
propylbenzene and 1,3,5 trimethylbenzene increase and then decrease with time.  
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The concentration of the least soluble component, octane, increases as other 
components decrease and then remains relatively constant after the depletion of 
most other components.    
· As noted in Chapter 3, another feature observed in the Type-1 source signature 
was the retarded travel of chemicals like octane and isopentane.  
· Normalized concentrations for many of the chemicals dropped by three orders of 
magnitude over time in the Type-1 source experiment.  This behavior was not 
seen in the other experiments, where concentrations reached relatively 
asymptotic reductions of about one-order of magnitude.  
· There is less obvious chemical dependency observed in the Type-2 and Type-3 
chemical source signatures.  Concentrations of different chemicals mostly 
parallel each other in shape and slope, with a few exceptions.  The MTBE and 
octane behavior in the Type-2 NAPL source results are different from the other 
components.  As noted previously, the initial tank flooding process removed 
much of the MTBE from the thin Type-2 NAPL source zone, and that might 
explain its more rapid drop than the rest of the components.  Octane was used as 
the low solubility/high mass fraction liquid with which all other compounds 
were mixed.  Its emission and consequently its concentration in the effluent are 
expected to be very slowly varying. 
·  Type-3 normalized concentration vs. time results are quite similar between 
chemicals, without any obvious outliers.  Unlike the Type-2 experiment, MTBE 
results were very similar to results for other chemicals.    
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· While Type-2 and Type-3 source signatures both display signatures that are 
mostly independent of chemical properties, the rate at which chemicals depleted 
from the Type-3 source was faster than the Type-2 source.  Furthermore, the 
Type-2 normalized concentrations asymptoted between 10-50% of the maximum 
concentrations, while the Type-3 source concentrations dropped to 2-10% of the 
maximum concentrations by the end of the experiment.  This behavior was true 
for all chemicals except MTBE, which dropped to roughly 1% of its maximum 
concentration in the Type-2 NAPL experiment and to 10% of its maximum 
concentration in the Type-3 dissolved-source experiment.   
The starting mass in each source zone was estimated and compared for each 
chemical.  The Type 2 source mass was estimated by subtracting the mass of 
hydrocarbon flushed into the high permeability sand during tank flooding, from the 
starting source mass determined using soil concentration results.  The Type-3 source 
mass was estimated by integrating interior concentration profiles after tank flooding.  
This analysis showed that between 1.5 to 20 times more mass resided in the thin Type-2 
NAPL source zone than the thicker Type-3 dissolved source for all chemicals except 
MTBE.  MTBE was estimated to have nearly 2000 mg of mass in the Type-2 NAPL 
source prior to tank flooding.  Approximately 1500-1900 mg were swept into the high 
permeability zone during the tank flooding process, prior to the start of the horizontal 
flow.  This left only 5-25% of the pre-flooding MTBE mass remaining in the NAPL 
zone.  The remaining MTBE mass (100-500 mg) was substantially less than the 
approximately 2800 mg starting mass of MTBE in the Type-3 dissolved source 
experiment.    
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For the purpose of the discussion below, “normalized concentration depletion 
rates” are first-order rate constants that represent the slope of the normalized dissolved 
concentration with time data, when plotted on a semi-log plot (log[C] vs. t).  These were 
calculated for each chemical and compared across the three source experiments to 
determine if it was possible to quantify differences in signatures. The normalized 
concentration depletion rates for the Type-1 source were calculated for the time periods 
when chemicals were monotonically declining with time.  As an example, the normalized 
concentration depletion rates for ethylbenzene, p-xylene, and o-xylene were calculated 
using data between day 50 and 150 of the Type-1 source experiment.  The normalized 
concentration depletion rates from the Type-2 and Type-3 experiments were calculated 
between day 50 and 190.  This time span was chosen so that concentration profile slopes 
could be compared over the same experimental time frames when source releases were 
relatively asymptotic.  The results are presented in Figure 7.2, which contains a bar graph 
of the normalized concentration depletion rates for those chemicals contained in each of 
the three source experiments.  Chemicals are plotted from left to right in order of 
increasing solubility. 
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Figure 7.2. Comparison of normalized concentration depletion rates from the three 
source-type physical model experiments. 
 
 Depletion rates from the Type-1 NAPL source experiment were higher than those 
of the Type-2 and Type-3 sources for all chemicals, and Type-3 sources as a group 
appear greater than the rates for Type-2 sources with the exception of MTBE.  
Comparing the magnitude of the normalized concentration depletion rates is not relevant 
however, as these could be manipulated by changing source and flow characteristics.  For 
example, with a Type-1 source, the normalized concentration depletion rates would be 
larger had the source mass been smaller and the water flow larger.  Type-2 and Type-3 
source normalized concentration depletion rates would likely be larger for thinner 
sources.  Therefore, the important aspect of the results in Figure 7.2 is the relative 
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relationship of normalized concentration depletion rates between chemicals in the same 
source type.  For example, the normalized concentration depletion rates for the Type-1 
source decrease with decreasing chemical solubility, while the normalized concentration 
depletion rates for the Type-2 and Type-3 sources did not exhibit any obvious chemical 
property dependency and were fairly similar across all chemicals, especially for the 
Type-3 source. 
 Use of source signatures for interpretation of field data 7.2.
 
The goal of this research was to determine if knowledge of idealized source 
signatures could be applied to field data sets to infer macroscopic source characteristics, 
such as identifying the presence of NAPL or residuals in hydraulically isolated/lower 
permeability zones.  The results above suggest the following: 
· It might be possible to identify the presence of NAPL residuals in higher 
permeability/transmissive zones by determining normalized concentration 
depletion rates and verifying that they exhibit the pattern shown in Figure 7.2 
of decreasing rate with decreasing solubility between chemicals. The Type-1 
release signature has clear trends that reflect shifting composition and 
depletion in the order of higher to lower pure-component solubility. 
· A lack of dependency of normalized concentration depletion rates on chemical 
properties would suggest the presence of dissolved and/or NAPL residual 
sources in lower permeability/non-transmissive regions.  This might, however, 
only be evident after NAPL in higher permeability zones is depleted naturally 
or remediated.  In both cases, the dissolved chemical release signature exhibit 
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similar depletion rates (normalized concentrations vs time slopes), 
independent of chemical properties. 
· It does not appear possible to differentiate dissolved and NAPL sources from 
the pattern of normalized concentration depletion rates vs. chemical 
properties. 
The inability to use signatures to separate a NAPL source in a lower permeability 
zone from a dissolved source in a lower permeability zone suggests the need for future 
research to identify if there are discernible differences that are not obvious in a simple 
review of the data.  
While these trends were evident in year-long laboratory-scale physical model data 
sets, it is not clear if this would be true with larger sources in field-scale settings. To 
address this question a time-scaling exercise was conducted to estimate the field-scale 
duration equivalent to the laboratory-scale study duration for the Type-1 NAPL source.  
Liu (2004) derived a relationship between the results of a bench-scale partitioning 
experiment and expected field-scale results.  This scaling relationship was used by Lenski 
(2004). The mathematical similarity between the Type-1/ bench-scale experiments and 
field dissolution processes allows for the laboratory results to be adjusted to a field-scale 
through the following first-order approximation (Liu 2004): 
 
tfield= ? V?labMo,lab? ?VfieldρWHq ?= ?V?labVo,lab? ?LnSq ?  (Eq. 7.1) 
Where: 
 V?lab [volume-water] = flushing volume through the source on the lab scale  
 Mo,lab [mass-NAPL] = initial NAPL mass added to the lab experiment  
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 Vfield [volume] = estimated volume of the field source  
 W [length] = width of the field source zone perpendicular to flow  
 H [length] = height of the field source zone  
 L [length] = length of the field source zone in the direction of flow  
 q [length/time] = specific discharge of groundwater  
 ρ [mass-NAPL/volume-NAPL] = NAPL mixture density  
 
Figure 7.3 presents results from the NAPL equilibrium dissolution experiment 
presented in Chapter 6 in terms of cumulative water flushing volume per initial volume of 
NAPL.  It shows that MTBE and benzene are nearly depleted at about Vf/Vo = 2500.  
Furthermore, xylenes depleted from the NAPL source by about Vf/Vo = 15000.  
Generally speaking, the chemical-specific depletion was evident over any ΔVf/Vo = 
2500.   
This observation was used with Eq. 7.1 to determine equivalent field time scales 
for the range of reasonable site parameters listed in Table 7.1. Note that a range is given 
for each parameter in terms of low and high values, and three subsequent columns list 
typical sets of input parameters that might describe a petroleum-impacted site.  
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Figure 7.3. NAPL-equilibrium dissolution experiment results presented in Chapter 6 in 
terms of cumulative water flushing volume per initial volume of NAPL. 
 
The field-scale time frames results are presented in Table 7.2. The wide range of 
tabulated time scales shows the dependency on site-specific parameters.   For sites with 
short source zone lengths, low NAPL saturations, and relatively high groundwater flow-
rates, a full Type-1 source signature could be measured over the course of a few months 
to a few years.  In contrast to this, for sites with long source zones, slow groundwater 
flow rates, and respectively high NAPL saturations, it would take thousands of years of 
dissolution to produce clear signature trends. For these cases, dissolved concentrations 
would likely appear to be persisting at constant values during any reasonable field 
sampling time frame.  Time scales listed for the three typical sites suggest that 
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concentration vs. time data would need to be collected for approximately 10 - 40 years to 
see results comparable to ΔVf/Vo = 2500 in Figure 7.3. The range given should not be 
used as a rule to exclude data analysis, but instead is intended to be used to set reasonable 
expectations for what can be learned from data. 
The results also suggest that one might be able to infer an estimate of the Type-1 
source mass by finding the Vo value that scales the field data to match Figure 7.3, using 
knowledge of groundwater flow and general source geometry to estimate Vf.  
 
Table 7.1 
Parameters Used for Scaling Exercise 
Scaling Parameter Low High 
Typical Site  
#1 
Typical Site 
#2 
Typical Site 
#3 
Source Length 
a
                       
[ft] 
50 500 200 50 100 
Porosity 
b
                         
[volume-voids/volume-soil] 
0.33 0.45 0.37 0.34 0.4 
NAPL Saturation  
c
                 
[volume-NAPL/volume-voids] 
0.01 0.35 0.1 0.25 0.05 
Groundwater specific discharge 
d
 
[ft
3
/ft
2
-d] 
0.1 1 0.5 0.75 0.25 
a
 Determined from Dahlen et al. (2003), who presented a review of 323 Arizona LUST sites and 
summarized estimated NAPL source lengths for multiple sites.  The range of those source lengths was used 
for this exercise 
b
 Reasonable range of porosities of sandy/silty soils based on Coduto (1999)  
c
 Reasonable range based on Mackay & Cherry (1989), Mayer and Hassanizadeh (2005); Powers et al. 
(1992) 
d
 Reasonable range based on Todd and Mays (2005) 
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Table 7.2 
Field Time Scales Derived from Equation 7.1 and Table 7.1 values. 
Vf/Vo 
Short Time 
Scale 
[y] 
Long Time 
Scale 
[y] 
Typical Time 
Scale #1 
[y] 
Typical Time 
Scale #2 
[y] 
Typical Time 
Scale #3 
[y] 
2500 0.4 3467 38 13 22 
5000 0.7 6935 75 26 44 
10000 1.5 13870 150 53 88 
15000 2.2 20805 225 79 132 
20000 3.0 27740 300 106 175 
 
 
It was suggested above that it might be possible to discern source characteristics 
by comparison of expected behavior and observed behavior.  This was investigated 
through the examination of simplistic screening-level models for the three source types 
examined in this work.  Future researchers might continue this exploration with more 
complex models.    
7.2.1. Type-1 source 1-dimensional model.  The Type-1 source experiment was 
modeled using a one-dimensional, time varying source-zone depletion model described in 
Johnson et al. (1997).  It predicts dissolved concentrations vs. time for a multi-component 
NAPL assuming ideal Raoult’s Law partitioning (dissolved concentration is proportional 
to NAPL mole fraction), and neglects partitioning to the soil and vapor phases and source 
zone biodegradation: 
 
Cwi(t)?=?Cwioe?tqwφwSiMw NAPLLρbCTMwi ?    (Eq. 7.2)  
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Where:  
 
Cwi [mass-i/volume-water] = dissolved concentration of component (i)  
 
Cwi
o
 [mass-i/volume-water] = starting dissolved concentration of component (i)  
in the source region and defined as the effective solubility of component (i)  
  Cwi
o
 = SiXi 
Si [mass-i/volume-water] = pure component solubility of component (i) 
 
Xi [moles-i/moles-NAPL] = mole fraction of component (i) 
 
qw [volume/area-time] = specific discharge of water  
 
ρb  [mass-soil/volume-soil] = soil bulk density  
 
CT [mass-NAPL/mass-soil] = total soil concentration of NAPL mix  
 
Mwi [mass-i/moles-i] = component molecular weight  
 
MwNAPL[mass-NAPL/moles-NAPL] = molecular weight of NAPL mixture  
 
L [length] = length of source zone parallel to groundwater flow  
 
φw [volume-water/ volume-soil] = moisture filled porosity  
 
t [time] = time since start of flow  
 
 
 The equation was used to predict dissolved concentrations with time, considering 
the starting composition of the Type-1 source experiment.  The results are shown in 
Figures 7.4 and 7.5, which present time values on linear and log scales, respectively, to 
allow better examination of shorter- and longer-term behavior. 
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Figure 7.4. Type-1 model-predicted dissolved concentrations over linear time scale. 
 
Figure 7.5. Type-1 model-predicted dissolved concentrations over log time scale. 
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A comparison of the predicted (Figures 7.4 and 7.5) vs. observed (Figures 3.12 
and 3.13) concentration vs. time behavior reveals similarities and differences.  The 
equation above anticipates the maximum concentrations and longer-term behavior and its 
dependency on pure component solubility.  The model, however, does not anticipate the 
observed travel time differences or the early shape of the signature curves.   
A sample chemical-specific comparison between measured and modeled 
concentration is presented in Figure 7.6.  Measured p-Xylene concentrations are plotted 
against the model predicted concentrations.  Two plots are shown in the figure to 
visualize comparisons during early and later time frames. The left plot affirms that the 
analytical model does an adequate job of predicting maximum starting dissolved 
concentrations, however it does not anticipate the increase and then decrease in 
concentrations. That feature, which results from composition changes, is anticipated by 
batchwise non-analytical equation-based equilibrium models that account for the 
simultaneous composition changes of all NAPL components (e.g., Johnson et al. 1990). 
It is likely, however, that most data sets will emphasize longer-term vs. shorter-
term data and that Equation 7.2 may be adequate for data matching, which would involve 
choosing initial source dimensions and concentrations, and groundwater discharge rates.   
The retarded travel time observed in the data could be incorporated with a simple 
chemical-specific distance-time transformation where C(x=L, t) = C(x=0, t-Rw(Lφw /qw)), 
where Rw is the retardation factor discussed in Chapter 3. 
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Figure 7.6. Modeled vs. measurement comparison for p-Xylene, Type-1 source 
 
7.2.2. Type-2 and Type-3 source 1-dimensional models.  The Type-2 and Type-3 
source experiments were modeled using one-dimensional equations that predict the 
diffusive flux from a source zone in a lower permeability matrix.  The equations used are 
similar and share the same theoretical background.  The mathematical theory of diffusion 
is defined under Fick’s 1
st
 and 2
nd
 Laws, as defined below: 
 
Fi= -Dij
∆Cij
∆x
    (Eq. 7.3) (Fick’s 1
st
 Law of Diffusion) 
 
 
Where:  
 
Fi [mass-i/area*time] = the rate of mass transfer per unit area, defined as the flux 
of chemical (i)  
 Dij [volume-j/ length*time] = the effective diffusion coefficient of chemical (i) in 
phase (j)  
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 ∆C [mass-i/volume-j] = change in concentration of species (i) in phase (j)  
 
 ∆x [length] = diffusion distance 
 
 
The effective diffusion coefficient is estimated using the Millington and Quirk 
(1961) expression: 
Diw
eff=Di
water φw
3.33
φ
T
2   (Eq. 7.4) 
 
Where:  
 
Di
water [volume-water/area*time] = the diffusion coefficient of chemical (i)   in 
water  
φw [volume-water/volume-soil] = moisture filled porosity  
 
φT [volume-water/volume-soil] = total porosity  
 
 
 A differential mass balance considering diffusion yields the following form of the 
general transport equation: 
∂Ci
∂t
= -D
ij
eff ∂
2
Cij
∂x2
    (Eq. 7.5)  
 
 
 Crank (1975) applied a Laplace transform to this equation, for one-dimensional 
diffusion in a semi-infinite medium with a constant boundary concentration.  The 
application resulted in the following equation to describe the diffusive flux of a substance 
with time: 
Fi(t)= 
Dij
eff
Co?piDijefft   (Eq. 7.6) 
Where:  
 
C
o
 [mass-i/volume-j] = the constant boundary concentration  
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 This one-dimensional equation can be modified for a NAPL-water-soil system, 
and can be used to describe the flux from a NAPL source zone in a lower permeability 
region.  This was done by Clifton (2008) as follows:  
 
Fi(t)= 
Dim
eff
C?i0?piαt    (Eq. 7.7)     
 
α=
Diw
eff
φw+ 
ρbCT
SiMwNAPL
  (Eq. 7.8) 
Where: 
 Si [moles-i/volume-water] = the pure component molecular solubility of (i)  
Cwi
o
 [massi/volume-water] = starting dissolved concentration of component (i) in 
the source region and defined as the effective solubility of component (i)  
 
 For a system with a Type-3 source, where no NAPL is present and partitioning 
exists between the dissolved and sorbed phases, the following version of the equation 
applies:  
Fi(t)?= DimeffC?i0?piαt    (Eq. 7.9) 
 
α=
Diw
eff
φw+ρ
b
kis 
  (Eq. 7.10) 
Where: 
Kis[volume-water/mass-soil] = the sorption coefficient of chemical (i)  
Cwi
o
 [massi/volume-water] = starting dissolved concentration of component (i) in 
the source region  
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Equation 7.7 was used to model the flux from the Type-2 source experiment, and 
equation 7.9 was used to model the flux from the Type-3 source experiment. Model input 
parameters were varied across reasonable ranges for each of the experiments. These 
parameters included diffusion coefficients, sorption coefficients, etc.   Results were 
compared to the experimental flux vs. time behavior calculated from the measured 
dissolved concentrations. Figure 7.7 shows the modeled results for the Type-2 source 
experiment, and Figure 7.8 shows the modeled results for the Type-3 source experiment. 
The following Figures 7.9 and 7.10 show the correlation between modeled and measured 
flux values for p-Xylene in the Type-2 and Type-3 experiments respectfully. p-Xylene 
was chosen as a representative chemical, and observations made from its data were 
similar to those of the other chemical components.  
 
Figure 7.7. Predicted flux from Type-2 source.  
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Figure 7.8. Predicted flux from Type-3 source  
 
 
 
Figure 7.9. Modeled vs. experiment flux values of p-Xylene, Type-2 source 
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Figure 7.10. Modeled vs. experiment flux values of p-Xylene, Type-3 source. 
 
Modeled flux values were found to fit reasonably well with experiment values 
after parameters were varied.  With that said, no chemicals showed a perfect correlation 
between modeled and experimental values.  The equations used did not consider the 
following: 
· Changes in NAPL source composition with time 
· Varying NAPL saturation within the source zone 
· Source zone dimensions (thickness of the source layer) 
· Influences of a layered system (such as the initially clean lower-
permeability layer beneath the Type-2 source). 
A further review of the figures shows that the modeled profiles were similar in 
shape between the two source types and differed only by the magnitude of flux values.  
This is further evident in Figure 7.11 that shows the benzene profiles modeled for both 
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source types.  The similarity in predicted flux profiles is due to the fact that both 
modeling equations describe the flux with respect to the square-root of time.  If the same 
starting dissolved concentration for a give chemical was used in both equations, then 
differences in predicted fluxes would be largely determined by the total soil concentration 
for the Type-2 source and the sorption coefficient for the Type-3 source.   If modeling 
inputs were changed so that the total NAPL soil concentration in the Type-2 source went 
from 7820 mg/kg-soil to 4000 mg/kg-soil, and the fraction of organic carbon was defined 
as 0.02 mg-oc/mg-soil instead of the 0.002 mg-oc/mg-soil (which controls the sorption 
coefficient), then the Type-2 and Type-3 modeled flux values for benzene would change 
to those shown in Figure 7.12. This dependency on source concentration as an input 
parameter further suggests that the simple analytical models could not be used to 
distinguish between a Type-2 and Type-3 source using just concentration vs. time data.   
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Figure 7.11. Comparison of modeled benzene flux for Type-2 and Type-3 experiments 
using input parameters defined by experimental characteristics. 
 
 
Figure 7.12. Comparison of modeled benzene flux for Type-2 and Type-3 experiments 
using different input parameters. 
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 
 Experiment Summary 8.1.
The goal of this research was to determine if knowledge of idealized source 
dissolved concentration vs. time “signatures” at petroleum spill sites could be applied to 
field data sets to infer macroscopic source characteristics; such as identifying the 
presence of NAPL or residuals in hydraulically isolated/lower permeability zones. Two-
dimensional physical model experiments were used to measure the signatures for three 
types of sources at petroleum-impacted sites.  The sources studies included: NAPL 
source trapped in a higher permeability flow zone (Type-1), NAPL storage in a thin 
interval at the interface of a lower permeability layer (Type-2), and dissolved phase 
storage in a lower permeability layer (Type-3).   A fourth physical model experiment was 
conducted to establish the equilibrium partitioning between NAPL and water, for a 
succession of water-NAPL contacts.  
The Type-1 physical model experiment was operated for 262 d and resulted in a 
source signature similar to that expected for a relatively well-mixed NAPL source zone 
and to that obtained with a succession of water-NAPL contacts in the batch NAPL-water 
equilibrium experiment. The Type-1 source signature showed dissolved chemical 
concentrations and normalized concentration depletion rates were dependent on chemical 
solubility and initial mole fraction. The most soluble chemicals depleted from the source 
first (MTBE, benzene, toluene) and changing NAPL mole fractions caused octane 
concentrations to increase.  Overall dissolved concentrations reduced by two to three 
orders of magnitude for all chemicals except octane.  
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The Type-2 and Type-3 source experiments were conducted for 320 d and 190 d, 
respectively.  Unlike the results of the Type-1 experiment, the dissolved concentration vs. 
time behavior and normalized concentration depletion rates were similar for all 
chemicals, for both source types.  Dissolved concentrations in the Type-2 source 
experiment decreased to 10-50% of the maximum measured concentration.  
Concentrations in the Type-3 experiment decreased to 2-10% of the maximum measured 
concentration.  The difference in concentration reductions was likely the differences in 
starting chemical source mass.  It was estimated that there was 1.5 to 20 times more 
initial mass in the Type-2 source than Type-3 source experiment. 
 It was concluded that dissolved concentration vs. time signatures could be used to 
distinguish a Type-1 NAPL source from Type-2 and Type-3 sources, but Type-2 and 
Type-3 sources could not be distinguished from each other based on comparisons of 
individual component behavior.  
Scaling theory was used to estimate sampling time frames required to determine 
the presence of a Type-1 source at a field site.  While possible time scales varied 
depending on source zone characteristics (~0.5 - 3470 y), it was determined that about 
10-40 year data records should be sufficient for most petroleum spill sites.   
One-dimensional models matched the general features of the sources and might 
be useful for determining gross source characteristics with long-enough field monitoring 
data sets, but that topic needs more exploration than was possible in this work.  
 Future Research 8.2.
It is recommended that future work include both modeling and laboratory studies. 
This study considered idealized source scenarios; where only one source type affected the 
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dissolved concentration release signature. It would be beneficial to develop a better 
understanding of what happens when multiple source types are present, as is likely for 
most sites.  That could be investigated through both laboratory-scale experiments and 
more advanced modeling than what was considered in this work.  
When presenting results of this work at conferences, audiences have occasionally 
challenged the premise of the existence of Type-2 sources at petroleum-spill sites.  
Therefore it would be of value to conduct an experiment that developed a Type-2 source 
zone through groundwater table fluctuations rather than artificial mixing. Such an 
experiment could include both Type-2 and Type-1 source regions.   
With respect to modeling, it would be useful to explore further how models might 
be used to infer source characteristics from long-term field data records.  For example, 
Farhat et al. (2013) recently published a modeling toolkit that utilizes soil coring 
information to better understand long-term source dissolved concentration vs. time 
history for Type-3 sources. The diffusion of chemicals into lower permeability zones is 
shown to be a function of the loading concentration gradient in adjacent flow zones. The 
modeling tool-kit uses 1-dimensional advection and diffusion equations to model the 
input soil data based on a predicted history of dissolved concentration values.  Users can 
calibrate the model input so that the output fits the site data by changing site parameters 
(such as porosity, date of spill release, source dissolved concentration, etc.) and can 
predict the dissolved concentration vs. time history required to create the observed soil 
concentration profiles.  The model was employed using a case study that examined the 
source history of a chlorinated solvent spill site in Jacksonville, Florida (Farhat et al., 
2013).  High-resolution soil core data were collected from low permeability zones near 
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the presumed site of the existing source zone.  After calibrating input parameters, the 
concentration vs. time history required to establish the measured soil concentrations was 
determined.  It was shown that dissolved concentrations had not significantly decreased 
over the history of the site and therefore natural attenuation was not significantly 
diminishing the source strength.  The model is limited by being one-dimensional and only 
considers a single source. 
Given the dependence of signatures on source size and water flow rate, it would 
be of value to investigate if localized signatures following artificial disturbances might 
provide insight to source characteristics.  Proof of concept testing using water floods, 
heat, and chemical oxidants as disturbances to chlorinated solvent source zones was 
recently reported by Ekre (2013). 
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AA.1. Gas chromatography- flame ionization detector (GC-GID) 
 Two gas chromatograph machines were used for hydrocarbon concentration 
analyses: one for water and vapor samples and another for soil samples.  Each machine 
was supplied with a helium carrier gas, and detectors were lit with compressed hydrogen 
gas and compressed air. 
AA.1.1. Water samples analyzed for dissolved hydrocarbon and vapor samples 
analyzed for volatile hydrocarbons 
· Method: Headspace analysis using GC-FID 
· GC: SRI 8610C model with FID detector set at high gain 
· Column: Resteck MXT-1, 60 m, 0.53 mm internal diameter, 3.0 µm film 
thickness 
· Flowrates: Helium (15 mL/min), Hydrogen (20 mL/min); Air (250 mL/min) 
· Temperature Program: initial temperature 40°C and hold for 2 minutes, ramp at 
12°C/min until 180°C, ramp at 15°C/min until 220°C, hold at 220°C if chemical 
bake-out required or if not end program 
· Injection: 500 µL of vapor, using Hamilton 500 µL gastight syringe, and 27 gauge 
1.25-in sterile Becton Dickson needle 
AA.1.2. Soil samples analyzed for total hydrocarbon concentration 
· Method: Direct-injection analysis using GC-FID 
· GC: SRI 9300B model with FID detector set at low gain 
· Column: Resteck MXT-1, 60 m, 0.53 mm internal diameter,  
· Flowrates: Helium (15 mL/min), Hydrogen (20 mL/min); Air (250 mL/min) 
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· Temperature Program: initial temperature 40°C and hold for 2 minutes, ramp at 
12°C/min until 230°C, hold at 230°C if chemical bake-out required or if not end 
program 
· Injection: 1 µL of MeOH solution, using Hamilton 10 µL gastight syringe #701 
AA.2. Procedure for preparing and performing soil extraction analysis   
 The following list describes the overall procedure for preparing and performing a 
soil extraction analysis.  The times and locations of collected soil samples were discussed 
in the main body of the thesis, and the gas chromatography settings were listed in the 
previous section of this appendix. 
· Collect 40 mL VOA vials needed for soil sampling, and weigh each vial empty 
without a lid 
· Add 20 mL of methanol to each vial and quickly add the lid (to minimize loss of 
methanol to vaporization) 
· At the time of sample collection, remove the vial lid and quickly add 
approximately 20g of soil to the vial.  Take care not to dump the soil in the vial 
too quickly and cause methanol to splash out 
· If residual soil is stuck to the top of the vials, wipe the threads clean using a paper 
towel, and then quickly recap the vial 
· Once capped, shake the vial thoroughly to ensure proper mixing and invert lid-
down (to minimize losses through the cap if a proper seal has not been 
established) 
· After collecting all soil samples, let the inverted vials stand for 30 minutes 
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· After 30 minutes carefully inspect the lids of each vial to be sure no MeOH has 
leaked through the cap.  If a vial has leaked, quickly and carefully, switch the lid 
with a new lid and check again 
· Once all vials are proven to be sealed, wrap each lid with a couple layers of 
electricians tape, securing the lids to vial glass. Be sure to wrap the lids in the 
tightening direction.  This step helps prevent long term leaking that might occur 
as vial lids are disrupted during shaking and sample transport 
· Store all samples in a refrigerator until time for sample analysis 
· To analyze a sample, remove from fridge and shake thoroughly. Be sure that no 
soil is stuck to the inside of the septa cap because it will clog the injection syringe 
during analysis 
· Let the vial sit right side up for a minimum of 1 hour to allow for particle settling 
· When ready to analyze inject the septa cap with a Hamilton 10 µL gastight 
syringe #701, and withdraw a 1 µL of hydrocarbon-MeOH solution.  Be sure to 
flush all bubbles from the syringe while pulling the sample. 
· Remove the needle and analyze on the GC-FID using the conditions previously 
outlined 
· Convert the GC results into a total mass of hydrocarbon in the analyzed sample 
vial 
· Remove the vial lid, withdraw the methanol using a 10ml plastic syringe 
· Place the vial on a hot plate, inside a fume hood, and set heating temperature to 
60°C 
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· Let the vial dry out completely (4 days was usually the minimum drying time for 
this study) 
· Weigh the vial with soil (no lid) and subtract the original weight of the vial.  This 
provides the weight of soil in sample 
· Divide the mass of hydrocarbon analyzed by the weight of soil sampled, to get a 
final soil concentration [mass-hydrocarbon/kg-soil] 
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APPENDIX B: INVESTIGATION TANK USED FOR DESIGN OF TYPE-1 
SOURCE 
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AB.1. Investigation Tank Description and Results Summary 
 Short-term preliminary “investigation tank” physical model experiments were 
conducted to refine the method by which the Type -1 NAPL source zone was created; 
more specifically: to determine a NAPL injection volume appropriate for the experiment 
scale; to ensure the NAPL injection volume was capable of producing results on a 
laboratory time scale; and to anticipate the affect that the NAPL source zone would have 
on the water flow path.   The investigation tank also served to verify the planned 
operating, sampling, and analyses procedures, and to develop consistent experimental 
routines.   
The investigation tank model setup was the same as that described in the previous 
Materials and Methods section.  After the tank was packed with high permeability sand 
and flooded with water, the method for creating the NAPL source was tested.  Hexane 
was selected for use as a surrogate NAPL in the source zone creation trials because it was 
a highly volatile chemical that was easily removed from the investigation tank by vapor 
extraction.  This allowed the trial source zones to be cleared between trials without 
emptying and repacking the entire tank.  Sudan IV was used to dye the hexane so that the 
extent of the source zone spill could be visually monitored during its creation. 
After seven injection trials, it was determined that a NAPL injection volume of 
100 mL would create a source zone of roughly one-third the height of the Plexiglass 
window as shown in Figure AB 1 below.  A simple analytical model, based on Raoult’s 
Law partitioning between the NAPL source and the dissolved phase (Eq. 7.2, Chapter 7), 
was then used to predict the concentration vs. time relationships for each of the chemicals 
within the NAPL mixture; for the 100 mL NAPL spill and 2 ft/d average linear velocity 
 177 
 
 
conditions.  Results of this analysis suggested that it could take over 400 d for all release 
signatures to fully develop under these conditions.  This experiment time scale was 
deemed longer than desired because it could require concurrent physical model 
experiments and left no margin for error.  As a result, the analysis was conducted again 
for a 50 mL NAPL source zone, and the results indicated that a 50 mL NAPL source zone 
would require an experiment duration half as long as the 100 mL source.  
 
 
 
Figure AB 1. Results of 100-mL NAPL source zone injection trial. 
 
As a result, the NAPL source injection procedure was developed for a liquid 
volume of 50 mL.  The goal of the 50 mL injection tests was to create a source with the 
same height and half the width of the 100 mL source.  A total of three injection series 
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were conducted; each containing multiple injection trials.  The specific results of each 
series are discussed later in this appendix, and only the final conclusions attained from 
the 50 mL injection trials are included within this section.   
A procedure utilizing seven alternating 5 and 10-mL NAPL injections was 
determined to yield the NAPL source zone of desired size and shape.  This injection 
scheme was developed and tested within Series 3 of the injection trials, and was used at 
the start of the Type-1 source experiment.  The following steps comprise this procedure: 
1) After flooding the tank with water, drain the tank through the effluent screen 
until the water level elevation is stabilized at a position within the tank so that 
the top of the capillary fringe is even with the bottom-most injection port. 
2) Inject 5 mL of NAPL liquid into that injection port. 
3) Raise the water table using the gravity feed system until the injected 
contaminant has spread to the next highest injection port. 
4) Inject another 10 mL of NAPL liquid into the subsequent port at the top of the 
raised capillary fringe. 
5) Again raise the water table until the injected hexane and capillary fringe have 
reached the next injection port. 
6) Inject another 5 mL of NAPL into the subsequent port and proceed with the 
previous steps (alternating 5 and 10 mL injection volumes) until a total of 50 
mL of NAPL has been injected. 
7) Raise the water table until all injected contaminant is immobilized. 
8) Drain the tank so that the water table and capillary fringe are at their starting 
positions. 
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9) Once the water level stabilizes in the tank, re-raise the water table just below 
the top of the sand layer in order to smear the injected contaminant and create 
the final source zone shape.  
Figure AB 2. presents the resulting 50-mL NAPL source zone and its overall 
dimensions from one of the test runs.   
 
 
 
Figure AB 2.  Final NAPL source zone created from 50 mL injection procedure. 
 
 Repeatability tests were also performed to ensure that the source zones of similar 
size and shape could be created consistently with 50 mL NAPL volumes. Results 
indicated that the injection procedure used did produce consistent results. Pictures of 
these repetition trials are included in following sections.   
In addition to determining the repeatability of the Type-1 source creation 
procedure, it was also important to determine the effect of the NAPL smear zone on the 
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water flow path.  To do this, fluorescein-dyed water was injected into ports up-gradient of 
the NAPL source zone.  The progression of the dye tracer was visually tracked, and 
photos are included in a following section.  Observations showed fluorescein did travel 
through the NAPL without noticeable alteration in flow path upon contact with the source 
zone. 
 It should be noted that the source creation method was developed, as opposed to 
simply injecting a volume of contaminant and letting it migrate without control, because 
consistency with the source geometry was critical for understanding the NAPL saturation 
in the source region.   
AB.2. Individual Source Injection Trial Results 
Figure AB 3 presents the investigation tank at the beginning stages of a source 
injection test.  This figure illustrates the location of the injection ports utilized during the 
procedure, as well as the initial position of the capillary fringe at the time of the first 
NAPL injection. 
 181 
 
 
 
Figure AB 3.  Visualization of investigation tank during initial stages of NAPL injection. 
 
As mentioned in the previous section, three series of 50 mL injections were 
performed during the investigation tank process (Series 1, 2, and 3).  Each series explored 
a slightly different NAPL injection scheme, with a goal of creating a NAPL source zone 
of equal height and half the width of the 100 mL source zone (Figure AB 1.).  The 
following paragraphs detail the results attained from each injection series. 
AB.2.1. Series 1 injections.  Three separate injection trials resulted in source zones 
of approximately 105 in
3
 (1721 cm
3
).  Each injection trial consisted of two 25-mL 
injections, and the approximate percent volume fraction of residual NAPL in the pores 
was calculated to be between 7% to 9%.  Figure AB 4 shows a typical source zone 
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created during the Series 1 trials and its dimensions relative to the 100 mL source zone.  
As is seen in the figure, the source zones created in Series 1 were on average 4-in shorter 
and 2-in thinner than the 100 mL source zone.  This correlated to a 25% decrease in 
NAPL within horizontal cross-sections of the source zone and a 35% decrease in the 
NAPL within vertical cross-sections of the source zone (as compared to the 100 mL 
source).  Furthermore, based on the source zone cross-section dimensions, the potential 
water flow rate that could flow through the 50 mL source zone was about 65% of the 
flow rate that could flow the 100 mL source zone. 
 
 
Figure AB 4. Source zone results from Series 1 injections as compared to 100 mL source 
zone size. 
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AB.2.2. Series 2 Injection. One injection trial resulted in a source zone of 
approximately 113 in
3
 (1852 cm
3
).  The injection trial consisted of five 10-mL injections, 
and the approximate percent residual NAPL in the pores was calculated between 7 - 9%.  
Figure AB 5 shows the source zone created during the Series 2 trial and relates its 
dimensions to the Series 1 typical source zone.  As is seen in the figure, the source zone 
created in Series 2 was on average about 1-in thinner and 2-in taller than the typical 
Series 1 source zone.  Therefore the Series 2 source zone was roughly 2-in shorter and 3-
in thinner than the 100 mL source zone.  This meant a 38% decrease in NAPL mass 
within the horizontal sections of the source zone and an 18% decrease in the NAPL mass 
within the vertical sections of the source zone (as compared to the 100 mL source).  
Furthermore, based on the source zone cross-section dimensions, the potential water flow 
rate that could flow through the 50 mL source zone was about 82% of the flow rate that 
could flow the 100 mL source zone. 
AB.2.3. Series 3 Injections.  As mentioned in the main report the results of the 
Series 3 injection trials yielded a source zone of desirable size.  Three injection trials 
resulted in an average source zone of approximately 124 in
3
 (2032 cm
3
).  The injection 
trials consisted of seven alternating 5 and 10-mL injections, and the approximate percent 
residual NAPL in the pores was calculated between 6-8%.  Figure AB 6. shows the 
source zone created during the Series 3 trials and relates its dimensions to the Series 2 
typical source zone.  As seen in the figure, the source zones created in Series 3 were 
about 0.5 to 1-in thinner and 2-in taller than the Series 2 source zone.  Therefore the 
Series 3 source zone was roughly the same height and 3.5-in thinner than the 100 mL 
source zone.  This translates to a 44% decrease in NAPL mass within horizontal cross-
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sections of the source zone and 5% to 0% decrease in the NAPL mass within vertical 
cross-sections of the source zone (as compared to the 100 mL source).  Furthermore, 
based on the source zone cross-section dimensions, the potential water flow rate that 
could flow through the 50 mL source zone was at a minimum 95% of the flow rate that 
could flow the 100 mL source zone.   
 
 
 
Figure AB 5. Source zone results from Series 2 injection as compared to Series 1 
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Figure AB 6. Source zone results from Series 3 injections as compared to Series 2 
 
 
 
Figure AB 7. Repeatability of source zone injection procedure developed during Series 3 
injection trials 
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As previously noted, three injection trials were completed for the Series 3 
injection procedure in order to determine the repeatability of the developed method.  
Figure AB 7. shows the similarity and repeatability between the three source zones 
created from the three trials.  The NAPL distribution was nearly identical across all three 
trials 
Table AB 1 summarizes the results attained from the three injection series and 
includes the observations made during each. 
 
Table AB 1.  
50-mL Injection Series Results and Observations. 
Source Injection 
Series 
Injection Scheme 
% NAPL Saturation 
and (source volume) 
Observations 
1 Two 25-mL injections 7-9 (1700 cm
3
) 
Too short and wide to have 
significant reduction in 
experiment time scale relative to 
100 mL source  
2 Five 10-mL injections 7-9 (1850 cm
3
) 
Closer to desired size and 
decrease in time scale relative to 
100-mL source 
3 
Seven alternating 5 
and 10-mL injections 
6-8 (2000 cm
3
) 
Desired size and decrease in time 
scale relative to 100 mL source 
 
  
As was previously mentioned, a fluorescein dye injection was used to determine 
the effect of the NAPL source zone on the tank flow field.  A series of photos were taken 
to visually document the progression of the dye tracer through the NAPL source zone.  
These photos are included in Figures AB 8 and AB 9. 
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Figure AB 8. Start of fluorescein dye tracer test. 
 
 
 
Figure AB 9.  Progression of fluorescein dye tracer through NAPL smear zone. 
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APPENDIX C: DESIGN PROCEDURE FOR TYPE-2 SOURCE  
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AC.1. Steps Taken to Design the Type-2 Experiment Source Zone 
Theoretical calculations and empirical tests were conducted to predict the losses 
during each mixing/packing stage of the Type-2 source creation procedure, so that the 
starting NAPL mixture (added to concrete hopper) could be designed to compensate for 
those losses.  The following briefly describes the steps taken: 
· First, a small bench-scale mixing test was conducted using the NAPL 
composition from Tank 1.  This step anticipated the amount of mass each 
chemical might lose during the mixing procedure. It also anticipated if the 
mixing losses would be significant enough to change the overall composition 
of the starting NAPL mixture. 
· Second, partitioning equations were used to design a starting NAPL mixture 
capable of compensating for the losses incurred in the first mixing test.  A 
second bench-scale mixing test was then conducted to assess if the newly 
designed mixture would propagate through the mixing steps and end with an 
acceptable composition.  
· Third, the results of the previous two mixing tests were used to create a NAPL 
mixture that could compensate for the losses incurred during the Type-2 
source mixing process. This NAPL mixture was used to start the Type-2 
source experiment and soil samples were collected during each stage of the 
mixing process to track actual mass losses (refer to Materials and Methods 
Chapter for description of the stages).  The Type-2 source experiment failed in 
the first hours of operation and had to be stopped.  However the soil results 
 190 
 
 
collected during mixing and packing were tabulated to determine the success 
of the process. 
A new NAPL mixture was designed for a second start attempt of the Type-2 
experiment.  This mixture was designed with consideration of the results from the first 
failed attempt. The second attempt to start the Type-2 source experiment was a success 
and the details associated with its startup, including starting NAPL composition and soil 
samples, are detailed in previous chapters of this Thesis. 
 This appendix details the procedures and results of the first, second, and third 
steps of the previous list, and serves to chronologically list the design steps taken prior to 
successfully initiating the Type 2 source experiment.  
AC.1.1. First Bench-Scale Mixing Test.  The procedure listed below was 
completed in the lab to mimic the source-zone creation process previously outlined in the 
Methods and Materials chapter.  The italicized notes describe how each step related to the 
tank packing procedure. 
1) A NAPL mixture was prepared to mimic the starting mass fractions of the 
Type-1 source zone.  
2) 125 mL of low-permeability sand was poured into a 250-mL sealable glass 
bottle.  
3) Sufficient NAPL was injected into the bottle to create a NAPL saturation of 
10% of the available pore space (the same as the anticipated Type-2 tank 
experiment source zone).  This represented Stage A in the tank mixing/packing 
procedure.  
4) The bottle was sealed and shaken for 15 minutes.  
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5) After the shaking, the bottle was opened and three soil samples were taken for 
methanol extraction (Bottle 1). 
6) The remaining NAPL-spiked sand was then poured into another sealable glass 
bottle. This represented Stage B of the tank mixing/packing process. 
7) The contaminated soil was left in the new bottle for 30 minutes. This step was 
completed to replicate the time the NAPL-spiked soil would sit in the metal 
bucket while the tank was prepared for packing. 
8) Three methanol extraction samples were taken from this bottle (Bottle 2) 
9) The NAPL-contaminated sand was poured into a third sealable glass bottle.  
This represented Stage C of the tank mixing/packing procedure.  
10) The third bottle was sealed and left to sit for 18 h, which represented the 
expected time for the Type 2 tank experiment to completely flood with water. 
11) After the 18 h the bottle was opened and three methanol extraction samples 
were taken (Bottle 3). 
The methanol extraction samples were analyzed using the procedure outlined in 
Appendix A, and soil concentrations [mg-i/kg-soil] were reported for each chemical 
component.  Table AC 1 compares the starting composition of the NAPL used for the 
mixing test to the composition of the Type-1 experiment source zone.  The table 
compares the final composition of the NAPL at the end of the mixing test to the Type-1 
design composition. Tables AC 2 and AC 3 display the step-by-step soil concentrations 
and percent reductions in soil concentrations, respectively.   Note that the data shown are 
averages of the three samples collected at each step.   
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Table AC 1. 
Comparison of Type-1 and Mixing-Test NAPL Compositions  
Chemical 
Mass Fraction 
inType-1 
Source 
(Design) 
Mass Fraction 
in NAPL at 
Start of 
Mixing Test  
Percent 
Difference 
from Design 
[%] 
Mass Fraction 
at end of 
Mixing Test 
(Jar 3) 
Percent 
Difference 
from 
Design [%] 
Octane 0.400 0.401 0.3 0.460 15 
Isopentane 0.185 0.177 4.3 0.0004 100 
n-Propylbenzene 0.070 0.071 0.9 0.103 47 
1,3,5 TMB 0.041 0.041 0.6 0.062 50 
Ethylbenzene 0.080 0.083 4.0 0.106 32 
o-Xylene 0.078 0.080 3.2 0.106 36 
p-Xylene 0.081 0.080 1.0 0.106 31 
Toluene 0.055 0.056 1.4 0.051 6.9 
Benzene 0.009 0.008 2.1 0.003 62 
MTBE 0.002 0.002 1.6 0.002 15 
 
 
Table AC 2. 
Soil Concentrations through First Mixing Test 
Averaged Measured Soil Concentrations [mg-i/kg-soil]. 
  Mixing Step 
Chemical Start                        Bottle 1             Bottle 2               Bottle 3             
Octane 5790 4200 4210 3820 
Isopentane 2550 141 59 3 
n-Propylbenzene 1020 877 858 857 
1,3,5 TMB 595 515 504 510 
Ethylbenzene 1200 932 924 875 
o-Xylene 1160 917 907 881 
p-Xylene 1160 929 921 881 
Toluene 804 515 515 425 
Benzene 120 50 51 27 
MTBE 31 21 23 20 
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Table AC 3. 
Percent Reduction in Chemical Mass through each Step of Mixing Test 
Percent Reduction in Measured Soil Concentrations from Step to Step [%]. 
  Mixing Step 
Chemical Bottle 1 to Bottle 2                                        Bottle 2 to Bottle 3 Start to  Bottle 3 
Vapor Press.
a
 
[atm.] 
Octane -0.3 9.3 34 0.014 
Isopentane 58 94 100 0.780 
n-Propylbenzene 2.2 0.1 16 0.003 
1,3,5 TMB 2.1 -1.2 14 0.002 
Ethylbenzene 0.9 5.3 27 0.009 
o-Xylene 1.1 2.9 24 0.007 
p-Xylene 0.9 4.3 24 0.009 
Toluene 0.0 18 47 0.029 
Benzene -2.0 47 78 0.100 
MTBE -9.5 13 35 0.320 
a 
The vapor pressures were tabulated from Verschueren (1983) 
 
Tables AC 1, AC 2, and AC 3 show an isopentane loss of nearly 100% over the 
course of the mixing test.  The percentages of mass loss for the remaining components 
decreased in order of the decreasing vapor pressures (except for MTBE).  This trend 
was expected due to the fact that the partitioning from the NAPL phase to the vapor 
phase is governed by a component’s vapor pressure.  The difference between MTBE 
and the other chemicals is its pure component solubility, so dissolution into soil 
moisture might have had an effect. 
Mixing test results revealed that a significant mass loss of individual 
components (14-99%) could be expected during the source zone preparation 
procedure.  However, this mixing test simply analyzed the mixing of NAPL and sand 
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in sequential bottles, and it failed to simulate the losses that may be incurred during the 
flooding of the Type-2 tank.  In addition, the losses incurred in the bottles were not 
entirely representative of the losses that might occur in the larger concrete mixer.  In 
order to consider these factors, a second mixing test was performed. 
AC.1.2. Second Bench-Scale Mixing Test.  The second mixing test was a modified 
version of the first.  Specifically, the third bottle used in the first test was replaced with a 
miniature column that was used to simulate the flooding of the Type-2 tank experiment.  
During this mixing test, the NAPL-sand mixture contained in bottle 2 was poured into the 
small column, and the column was immediately capped with a tin-foil lid.  Once capped, 
the column was flooded with water through a bottom port, using an elevated glass 
reservoir.  Once the column was saturated with water, the water was drained and sampled 
for dissolved concentrations.  The remaining soil was analyzed using the previously 
described methanol extraction process. Refer to Figure AC 1 for a visual of the second 
mixing test apparatus. 
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Figure AC 1. Two mixing jars, glass flooding reservoir, column, and sample vials used 
for second mixing test. 
 
 In addition to adapting the mixing test to be more representative of the Type-2 
tank flooding procedure, theoretical partitioning relationships were used to predict the 
expected mass losses during each mixing step.   A soil-vapor extraction (SVE) 
spreadsheet model (Johnson, 1997) was manipulated to calculate the partitioning between 
the NAPL, sorbed, dissolved, and vapor phases.  The vapor mass was considered to be 
lost in transition between test steps, and the partitioning (mass distribution) was 
recalculated for each step.  Excel’s Solver tool was used, in combination with the 
spreadsheet model, to determine the theoretical NAPL volume and composition needed at 
the beginning of the mixing test, in order to end with a NAPL mix similar to that from the 
 196 
 
 
Type-1 experiment.  The following Tables AC 4, AC 5, and AC 6 display the results of 
the second mixing test. 
 
Table AC 4. 
Comparison of Type-1 and Second-Mixing Test NAPL Compositions 
Chemical 
Mass 
Fraction in 
Type-1 
Source 
(Design)        
Theoretical 
Starting Mass 
Fraction 
Required at 
Start of 
Mixing Test 
Mass 
Fraction of 
NAPL 
Mixture 
Made for 
Mixing Test 
Percent 
Difference 
from 
Theoretical to 
Actual 
Mixture Made 
[%] 
Octane 0.400 0.355 0.355 0.2 
Isopentane 0.185 0.235 0.231 1.6 
n-Propylbenzene 0.070 0.069 0.068 1.3 
1,3,5 TMB 0.041 0.049 0.049 0.5 
Ethylbenzene 0.080 0.075 0.078 2.9 
o-Xylene 0.078 0.070 0.071 1.5 
p-Xylene 0.081 0.079 0.080 1.2 
Toluene 0.055 0.055 0.056 1.5 
Benzene 0.009 0.009 0.009 1.0 
MTBE  0.002 0.004 0.004 6.7 
 
 
Table AC 4 lists the mass fractions within the NAPL source for the Type 1 
physical model experiment.  The adjacent column lists the theoretical starting mass 
fractions required to end the mixing test with soil concentrations equal to the designed 
concentrations (these were determined using the spreadsheet calculations mentioned in 
the previous paragraph).  The next column lists the mass fractions of the actual NAPL 
made for the second mixing test, and the final column lists the percent difference between 
the theoretical mixture desired and the NAPL mixture that was actually made.   
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Table AC 5. 
Comparison of Theoretical and Measured Soil Concentrations through Mixing Test 
Soil Concentrations [mg-i/kg- soil] 
 Mixing Step 
 
Bottle 1 
(Simulated 
Concrete 
Mixer) 
Bottle 2                                         
(Simulated 
Bucket) 
Column Dry                                
(Simulated Dry 
Tank after Packing) 
Column Sat.            
(Simulated Sat. 
Tank after 
Flooding) 
Theory Meas. Theory  Meas. Theory  Meas. Theory  Meas. 
Octane 5230 4590 5220 4180 5250 4040 5250 2530 
Isopentane 3000 974 2606 373 2486 189 2483 130 
n-Propylbenz 1000 917 1000 871 1010 866 1010 572 
1,3,5 TMB 723 664 723 634 728 631 728 417 
Ethylbenzene 1150 1010 1140 949 1150 926 1150 610 
o-Xylene 1060 948 1050 896 1060 881 1060 584 
p-Xylene 1180 1050 1180 990 1190 968 1190 638 
Toluene 819 680 814 613 819 568 819 377 
Benzene 134 96.0 131 80.0 132 64.0 132 43 
MTBE  55.0 49.0 52.0 44.0 52.0 40.0 52.0 27.0 
TPH                            14300 11000 13900 9630 13900 9170 13900 5920 
 
Table AC 5 lists the total soil concentrations, both theoretical and measured, for 
each step of the mixing test.  The results show that those chemicals with higher vapor 
pressures had larger discrepancies between theoretical concentrations and measured 
concentrations.  All components had lower concentrations than expected, suggesting 
greater losses to the vapor phase than anticipated by the theoretical spreadsheet 
calculations.  
 198 
 
 
Table AC 6. 
Comparison of Measured Soil Concentrations from Mixing Test to Type-1 Soil 
Concentrations 
Percent Difference between Soil Concentrations [%] 
 Step to Step 
 
Design                                       
to Bottle 1 
Design    
to Bottle 2 
Design to 
Dry 
Column 
Design to 
Wet 
Column 
Isopentane 57 84 92 94 
Octane 7.0 15 18 49 
n-Propylbenzene -6.0 0.0 0.0 34 
1,3,5 TMB -31 -25 -25 18 
Ethylbenzene -3.0 4.0 6.0 38 
o-Xylene 1.0 7.0 8.0 39 
p-Xylene -5.0 1.0 3.0 36 
Toluene 0.0 10 16 45 
Benzene 8.0 24 39 59 
MTBE  -91 -69 -56 -6.0 
TPH                            11 22 26 52 
 
Table AC 6 lists the percent differences between measured soil concentrations 
and the design soil concentrations.  Results show total soil concentrations at the end of 
the mixing test were still significantly less than the design for all chemicals (except 
MTBE).  Furthermore, the results show isopentane losses were extremely difficult to 
control, even at the bench top scale.  Considering this, and the results from the first 
mixing test, it was determined that isopentane should be taken out of the NAPL mixture 
for the Type-2 tank experiment.   
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Table AC 7. 
Analysis of Dissolved Concentrations Experienced during Second Mixing Test 
Dissolved Concentration [mg/L-water]. 
Chemical Mixing Test 2 
Highest Effluent  
Type-1 Source Expt. 
Ports Directly Down-
Gradient of NAPL in 
Type-1 Source Expt. 
Octane 16 0.3 0.3 
Isopentane 0.6 13 - 14 10 -15 
n-Propylbenzene 7.3 3 2 - 3 
1,3,5 TMB 5.8 2 2 - 3 
Ethylbenzene 13 12 - 13 12 -15 
o-Xylene 14 14 - 15 16 -18 
p-Xylene 13 11 -12 11 - 14 
Toluene 18 29 - 31 30 - 40 
Benzene 5.1 17 - 18  17 - 24 
MTBE 3.2 54 - 56 NA 
 
To further determine the effectiveness of the second mixing test, the water 
drained from the saturated column was analyzed for hydrocarbon dissolved 
concentrations.  These concentrations are listed in Table AC 7 and are compared to the 
dissolved concentrations measured during the Type 1 physical model experiment. 
The octane concentration was measured near an order of magnitude higher than 
its solubility limit (0.7 mg/L-water).  This suggested pure-phase octane was contained in 
the dissolved sample at the time of analysis.  The dissolved concentrations measured for 
ethylbenzene, p-xylene, o-xylene, n-propylbenzene, and 1,3,5 trimethylbenzene were 
near or slightly above those measured in the Type-1 experiment.  These results lead to the 
conclusion that the theoretical-partitioning exercise could be used to design a NAPL 
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mixture for the Type-2 tank experiment; a NAPL mixture that would propagate through 
the mixing procedure and produce starting dissolved concentrations similar to those 
measured in the Type-1 physical model experiment.  Excluding the behavior of 
isopentane and octane, the remaining components, MTBE, benzene, and toluene, each 
had lower dissolved concentrations than desired.  This showed that the theoretical design 
did not sufficiently account for the mass lost to the water phase for these chemicals.  In 
other words, the theoretical design process underestimated the amount of MTBE, 
benzene, and toluene lost during the second mixing test.  It was determined that an 
adjustment factor would be assessed to the results of the theoretical Type-2 NAPL mix 
design to compensate for this fact.  The theoretically-required volumes of chemical 
needed to be added to the starting NAPL mixture would be multiplied by a factor of 5 for 
MTBE, 3 for benzene, and 2 for toluene. 
AC.1.3. Type 2 Experiment First Attempt.  The results of the bench mixing tests 
indicated that theoretical partitioning relationships would underestimate the amount of 
total mass lost during NAPL source preparation.  Regardless, results in Table AC 7 
suggested that theory and empirical adjustment factors could be used to design a starting 
Type-2 NAPL mixture capable of yielding mass fractions and starting dissolved 
concentrations similar to those measured in the Type-1 experiment. 
The SVE spreadsheet was manipulated to model the four main preparation stages 
outlined in the Materials and Methods section of this report: 
· Stage A:  The concrete mixer 
· Stage B:  The metal carrying bucket 
· Stage C:  Dry sand packed in tank  
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· Stage D:  Saturated sand in tank  
Each stage was defined in the spreadsheet as an enclosed system, characterized by 
its respective system temperature, organic carbon content, porosity, bulk density, starting 
total TPH soil concentration, and starting component mass fractions.  Similar to the 
second mixing test, the spreadsheet model was manipulated so that the NAPL mix 
starting in Stage A would propagate through the remaining stages and end in Stage D 
with total soil concentrations and mass fractions similar to the Type-1 physical model 
experiment.  The adjustment factors, listed in the previous section, were then applied for 
MTBE, benzene, and toluene.  The following Table AC 8 includes the results of the first 
attempt using this Type- 2 NAPL mix design procedure. 
 
Table AC 8. 
NAPL Mixture Designed for the Type-2 Experiment 
Chemical  
Theoretical Mix 
Volume [mL] 
Scale up 
factor 
Final Mix 
Volume [mL] 
Final Mix 
Mass [g] 
Final Mix 
Mass Fraction 
Octane 216 1 216 152 0.536 
n-Propylbenzene 20.4 1 20.4 17.6 0.062 
1,3,5 TMB 11.7 1 11.7 10.2 0.036 
Ethylbenzene 23.6 1 23.6 20.4 0.072 
o-xylene 22.4 1 22.4 19.7 0.070 
p-xylene 23.9 1 23.9 20.6 0.073 
Toluene 17.2 2 34.3 29.7 0.105 
Benzene 3.14 3 9.42 8.28 0.029 
MTBE 1.33 5 6.64 4.91 0.017 
Total 339   368 283 1.000 
Total TPH in Mixer 
[mg/kg soil] 
Theoretical  
  
Final  
 
13300   14600  
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The first column lists the theoretical component volumes (as determined by the 
SVE spreadsheet partitioning calculations) needed in the starting NAPL mixture.  The 
next column to the right lists the scale-up factors applied to the respective component 
volumes.  The remaining columns list the final volumes, masses, and mass fractions of 
the mixture intended to be used at the beginning of the Type 2 source packing procedure.     
Note that the total volume of the final NAPL mix (368 mL) was designed to be 
mixed with more lower permeability soil than was actually going into the tank 
experiment.  In other words, the volume of NAPL-spiked soil needed to create the 4-in 
thick layer was calculated to be 7.1 L and a total of 13 L of NAPL-spiked soil material 
was prepared in the concrete mixer.  This was done to be sure enough material would be 
available for the tank, soil samples, and in the event of spills. 
 Table AC 9 compares the final NAPL recipe to the mixture made in the 
laboratory.  The discrepancies between the two are very minimal (no mass fractions differ 
by more than 2.2%), showing that the mixture created for the Type-2 experiment was 
very close to the designed NAPL mix listed in Table AC 8 above.  
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Table AC 9. 
NAPL Mixture Designed for the Type-2 Experiment 
Chemical Volume 
(mL) 
Mass 
(g) 
Mass 
Fraction 
(Mi) 
Difference 
in Volume 
[%] 
Difference 
in Mass [%] 
Difference 
in Mass 
Fraction 
[%] 
Octane 218 153 0.539 1.1 1.2 0.5 
n-Propylbenzene 20.1 17.3 0.061 1.6 1.6 2.2 
1,3,5 TMB 11.6 10.1 0.035 1.4 1.4 2.0 
Ethylbenzene 23.8 20.6 0.072 0.9 1.0 0.3 
o-Xylene 22.5 19.8 0.069 0.3 0.3 0.9 
p-Xylene 24.0 20.7 0.072 0.4 0.4 0.8 
Toluene 34.6 29.9 0.105 0.7 0.7 0.0 
Benzene 9.42 8.28 0.029 0.0 0.0 0.2 
MTBE 6.63 4.90 0.017 0.2 0.1 1.2 
Total TPH 370 285 1.000 0.7 0.7 - 
 
The first attempt at the Type-2 source experiment used the NAPL detailed in 
Table AC 9. The mixing and packing procedure occurred over 40 minutes.  Three soil 
methanol extraction samples were taken at Stages A, B, and C, to track the chemical 
losses through the preparation process.  Methanol extraction samples were analyzed using 
a 1-uL injection and GC-FID analysis as described in Appendix A. The averaged results 
are summarized in Table AC 10 below.  Table AC 11 lists the total soil concentrations 
anticipated by theory for each of the stages.  Tables AC 12 and AC 13 depict the percent 
loss of component mass between stages and the percent difference between measured and 
anticipated concentrations, respectively. 
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Table AC 10. 
Averaged Measured Soil Concentrations During Each Stage of Type 2 Source Creation  
Soil Concentrations [mg-i/kg-dry soil]. 
 Stage 
 Start A B C 
Octane 7770 6670 5870 5380 
n-Propylbenzene 875 777 707 651 
1,3,5 TMB 509 464 424 398 
Ethylbenzene 1040 901 794 717 
o-Xylene 1000 898 805 738 
p-Xylene 1040 897 810 743 
Toluene 1510 1240 1010 866 
Benzene 419 293 200 157 
MTBE 248 192 173 147 
TPH  14400 12300 10800 9800 
 
Note that Table AC 10 above shows a starting TPH concentration of over 14,000 
[mg/kg- soil] but just under 10,000 [mg/kg-soil] in the tank before flooding.  Note that 
the TPH soil concentration expected from theory in the tank before flooding was 
anticipated to be 13800 [mg/kg-soil].  This is significantly more than the measured TPH, 
suggesting more losses during the mixing process than accounted for by the theoretical 
partitioning equations.  This was also seen in the results from the second bench mixing 
test, and can be attributed to the fact that the theoretical partitioning model does not 
consider pouring of material and time exposed to the atmosphere. 
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Table AC 11. 
Theoretical Soil Concentrations Predicted for Each Stage of Type-2 Source Creation  
Theoretical Soil Concentrations [mg-i/kg-dry soil]. 
 Stage 
 
Start A B C 
Octane 7780 7470 7450 7440 
n-Propylbenzene 900 893 892 892 
1,3,5 TMB 523 520 520 520 
Ethylbenzene 1050 1020 1020 1020 
o-Xylene 1010 991 990 989 
p-Xylene 1050 1030 1030 1030 
Toluene 1520 1410 1410 1400 
Benzene 424 337 332 330 
MTBE 252 147 140 138 
TPH  14500 13800 13800 13800 
 
 
Table AC 12 reveals that the greatest mass loss occurred during the mixing of the 
NAPL and sand within the concrete mixer (Start to A).  From the start of the mixing 
procedure, to Stage C, 32% of the TPH mass was reduced.  Most losses were 20-30% of 
each chemical’s initial mass, while MTBE, Benzene, and Toluene losses were 41%, 63%, 
and 43%, respectively.  This was the expected result based on the vapor pressures and 
results from the two bench mixing tests. 
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Table AC 12. 
Mass Lost During Stages Represented as Percent Reduction in Measured Concentrations 
Percent Reduction [%].  
 
From Stage to Stage 
 
From Start to A From A to B From B to C From Start to C 
Octane 14 12 8.3 31 
n-Propylbenzene 11 9.0 7.9 26 
1,3,5 TMB 8.9 8.6 6.1 22 
Ethylbenzene 14 12 9.7 31 
o-Xylene 10 10 8.4 26 
p-Xylene 14 9.7 8.2 29 
Toluene 18 18 14 43 
Benzene 30 32 22 63 
MTBE 23 9.9 15 41 
TPH  15 12 9.2 32 
 
 
Table AC13 shows the propagation of differences, between expected and 
measured concentrations, through the mixing procedure.  Although starting 
concentrations were similar to those theoretically anticipated, the total concentrations 
measured at Stage C were significantly different than those modeled. Except for MTBE 
with an absolute difference of 6.4%, the remaining NAPL concentrations differed from 
the theoretical at percentages between 24 and 52%.  This caused the Total TPH 
concentration to differ at Stage C by a percentage of 29%. 
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Table AC 13. 
Differences between Measured Concentrations and Expected Concentrations  
Percent Difference [%]. 
 From Stage to Theory 
 
Start Stage A Stage B Stage C 
Octane 0.2 11 21 28 
n-Propylbenzene 2.9 13 21 27 
1,3,5 TMB 2.7 11 19 24 
Ethylbenzene 0.4 12 22 30 
o-Xylene 1.1 9.4 19 25 
p-Xylene 0.9 13 21 28 
Toluene 0.6 13 28 38 
Benzene 1.3 13 40 52 
MTBE 1.6 -30 -23 -6.4 
TPH  0.7 11 22 29 
 
The results of the packing procedure were a success.  Soil layers were well 
defined by color and geometry, and the tank flooded uniformly. Figures AC 2 through 
AC 5 show the tank packed right at the start of flooding, the progression of the wetting 
front through the low-conductivity zone, and uniform wetting front at the top of the 
NAPL-impacted zone. 
 
 208 
 
 
 
Figure AC 2.  First attempt Type-2 source physical model tank prior to flooding. 
 
 
Figure AC 3. First attempt Type-2 source physical model tank with start of vertical 
wetting front in bottom lower permeability zone. 
 
Clean Low-K 
NAPL Low-K 
Clean High-K 
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Figure AC 4. First attempt Type-2 source physical model tank with vertical wetting front 
just below bottom edge of 4-in thick NAPL-impacted lower permeability zone. 
 
 
Figure AC 5. Type-2 source physical model tank with vertical wetting front at top edge of 
4-in thick NAPL-impacted lower permeability zone. 
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Once the wetting front had reached the top of the NAPL-impacted lower 
permeability zone, nitrogen lines were hooked up to the three ports directly above the 
wetting front (one left, one center, and one right).  The nitrogen lines were used to 
displace all air from the high permeability zone, to minimize any trapped oxygen that 
might cause aerobic bio attenuation of emissions from the lower permeability zone.   The 
top of the tank was outfitted with a large 10-L Tedlar bag to collect the displaced air as 
the nitrogen was pumped into the tank.  As soon as the nitrogen gas was turned on the 
tank pressurized.  This caused the plexi-glass to bow slightly, resulting in downward flow 
of dry high permeability sand between the glass and the saturated lower permeability 
region.  This sequence of events happened within seconds and rendered the tank unusable 
for its intended purpose.  A picture of the tank after the incident is shown in Figure AC 6.  
  
 
Figure AC 6. Type 2 source physical model tank after incident, showing high 
permeability sand in the lower permeability region. 
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APPENDIX D: TYPE-1 SOURCE EXPERIMENT ADDITIONAL DATA 
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AD.1. Tank Startup 
The following figure shows the tank saturation progression at the start of the 
experiment. The even wetting front proves that the soil material was packed uniformly. 
 
 
Figure AD 1. A series of photos showing the wetting front during tank flooding. 
 
 The following three figures show the results of the NAPL source injection.  The 
first Figure AD 2, reveals the source distribution after complete injection of the 50-ml 
NAPL mixture.  Note that the source outline is very similar to the results of the final 
injection trials during the investigation tank (Appendix B).  The following Figure AD 3, 
shows the NAPL source region as the water level in the tank is being lowered to the base 
of the source zone during the smearing phase.  Note the contrast in color density between 
the top of the NAPL zone (in the capillary region) and the bottom of the zone (still 
saturated with water).   
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Figure AD 2. NAPL source immediately after injection and saturation. 
 
.  
Figure AD 3. NAPL source as water table is being lowered during smearing phase. 
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 The final Figure AD 4, shows the spreading of the source vertically and 
horizontally as the water table was re-raised for smearing.  Note now that the density of 
the source’s red-color has diminished relative to the starting photo in Figure AD 2. As the 
NAPL was smeared the residual saturation was decreased across the source zone. 
 
 
Figure AD 4. NAPL source smearing as water table is raised. 
  
AD.2. Tank Monitoring 
The following figures show the snapshot sampling results for those chemicals not 
included in the Type-1 source results chapter.  The figures each include three plots, 
showing the dissolved chemical concentrations in the left, center and right transects, 
down gradient of the NAPL source.  Note that the concentrations are shown through the 
first 200 days of the experiment.  
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 Figure AD 5. Isopentane dissolved concentrations with time and sampling transect. 
 
Figure AD 6. Benzene dissolved concentrations with time and sampling transect. 
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Figure AD 7. Ethylbenzene dissolved concentrations with time and sampling transect. 
 
Figure AD 8. o-Xylene dissolved concentrations with time and sampling transect. 
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Figure AD 9. n-Propylbenzene dissolved concentrations with time and sampling transect. 
 
AD.3. Tank Takedown Results 
The following two Tables AD 1 and AD 2 list the n-propylbenzene and 1,3,5 
trimethylbenzene soil concentrations measured from the source zone at the conclusion of 
the Type-1 experiment.  The soil concentrations are relatively low and represent a 
minimal amount of hydrocarbon mass.  The mass remaining in the soil at the end of the 
experiment, as determined from these soil samples, is included in the Type-1 results 
chapter. 
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Table AD 1. 
n-Propylbenzene  Soil Concentration at End of Type-1 Experiment 
Soil Concentration (Shallow Sample / Deep Sample) [mg/kg-soil] 
 
Sample Transect 
Sample # Left  Center Right Far Right 
1,2,3 
 
(- / 6)  
  
4,5 
 
(- / 6)  
  
6,7,8 
    
9,10 
    
11,12,13,14 
 
 
(3 / -) 
 
15 
 
 
(14 / 11)  
 
16,17,18,19 
 
(5 / -) (9 / 21) (8 / 2) 
20 
  
(11 / -) 
 
21,22,23,24   (3 / -) (2 / -)   
 
 
Table AD 2. 
1,3,5 Trimethylbenzene  Soil Concentration at End of Type-1 Experiment 
Soil Concentration (Shallow Sample / Deep Sample) [mg/kg-soil] 
 
Sample Transect 
Sample # Left  Center Right Far Right 
1,2,3 (- / 7)  
 
(- / 3)  
 
4,5 
 
 
(- / 2)  
 
6,7,8 
    
9,10 
    
11,12,13,14 
 
 
(1 / -) 
 
15 
 
 
(7 /7)  
 
16,17,18,19 
 
(2 / -) (6 / 10) (3 / 1) 
20 
  
(4 / -) 
 
21,22,23,24     (3 / -)   
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APPENDIX E: TYPE-2 SOURCE EXPERIMENT ADDITIONAL DATA 
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AE.1. Tank Startup 
The following Figure AE 1 shows the tank saturation progression at the start of 
the experiment. Note the right side of the tank flooded slightly slower through the lower-
conductivity material.  However, the lag was minimal and the overall-even wetting front 
proved that the soil material was packed uniformly. The following Table AE1 includes 
the soil sample results during the source zone mixing and packing process. 
 
 
Figure AE 1. A series of photos showing the wetting front during tank flooding. 
 
Table AE.1.  
Progression of Soil Concentration through Source Mixing and Packing Stages 
Chemical 
Stage A: 
Soil Mixer 
Stage B:  
Soil Bucket 
Stage C: 
After Tank 
Lid Closed 
Octane 4397 3903 3612 
n-Propylbenzene 736 739 708 
1,3,5 TMB 391 389 366 
Ethylbenzene 826 778 734 
o-Xylene 840 814 771 
p-Xylene 791 757 703 
Toluene 872 738 666 
Benzene 173 120 98 
MTBE 160 134 162 
TPH 9186 8373 7820 
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AE.2. Tank Monitoring 
The following figures show the snapshot sampling results for those chemicals not 
included in the Type-2 results chapter.  The figures each include three plots, showing the 
dissolved chemical concentrations in the left, center and right transects, throughout the 
entire vertical distance of the tank experiment. 
 
Figure AE 2.  Transect concentration profiles for after 54 days of flow. 
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Figure AE 3. Transect concentration profiles for after 84 days of flow. 
 
Figure AE 4. Transect concentration profiles for after 111 days of flow. 
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Figure AE 5. Transect concentration profiles for after 137 days of flow. 
 
Figure AE 6. Transect concentration profiles for after 167 days of flow. 
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Figure AE 7. Transect concentration profiles for after 195 days of flow. 
 
Figure AE 8. Transect concentration profiles for after 223 days of flow. 
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Figure AE 9. Transect concentration profiles for after 251 days of flow. 
 
Figure AE 10. Transect concentration profiles for after 280 days of flow. 
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AE.3. Tank Takedown Results 
The following Table AE 2 includes the soil concentrations measured in the Type-
2 experiment at the time of takedown.  Table AE 3 shows the Type-2 experiment mass 
balance assuming 14 kg of soil in the source zone. 
Table AE.2.  
Final Soil Concentrations Measured in Type-2 Tank Experiment 
Soil Concentration [mg/kg-soil] 
Sample 
Location 
Height 
[cm] 
MTBE Benzene Toluene Octane Ethylbenz p-Xylene o-Xylene Propylbenz 1,3,5 TMB TPH 
1 Left 79 0 0 0 0 0 0 0 0 0 0 
2 Left 60 0 0 0 47 0 0 0 0 0 47 
3 Left 58 0 7 122 2712 223 227 233 380 187 4091 
4 Left 56 0 11 204 3054 382 384 399 523 251 5208 
5 Left 54 0 26 472 4036 638 619 668 612 288 7359 
6 Left 52 0 32 515 3898 619 610 659 593 279 7204 
7 Left 50 0 27 395 2965 473 456 494 499 239 5549 
8 Left 48 0 0 59 481 65 61 67 66 32 832 
9 Left 23 0 0 0 0 0 0 0 0 0 0 
1 Center 79 0 0 0 0 0 0 0 0 0 0 
2 Center 60 0 0 0 139 0 0 0 0 0 139 
3 Center 58 18 21 178 2711 294 292 302 424 213 4452 
4 Center 56 0 25 434 4242 651 649 690 675 320 7686 
5 Center 54 0 32 529 4175 672 663 708 627 295 7700 
6 Center 52 0 35 554 4116 667 658 702 623 295 7650 
7 Center 50 0 29 415 3096 479 465 497 479 229 5688 
8 Center 48 0 0 58 446 62 62 66 57 27 778 
9 Center 23 0 0 0 0 0 0 0 0 0 0 
1 Right 79 0 0 0 0 0 0 0 0 0 0 
2 Right 60 0 0 0 117 0 0 0 0 0 117 
3 Right 58 0 13 184 2085 287 292 304 393 190 3747 
4 Right 56 0 32 438 3360 567 568 607 561 265 6397 
5 Right 54 0 41 546 3939 655 652 696 616 290 7434 
6 Right 52 0 41 523 4027 638 619 665 617 292 7423 
7 Right 50 0 34 428 3083 509 504 530 511 244 5843 
8 Right 48 0 5 38 349 41 40 42 41 18 574 
9 Right 23 0 0 0 0 0 0 0 0 0 0 
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Table AE 3.  
Type-2 Experiment Mass Balance Using 14 kg of Source Soil 
 
Chemical 
Initial mass 
in source 
zone [g] 
Final mass 
in source 
zone [g] 
a
 
Mass 
removed 
from 
effluent [g] 
Final mass in 
dissolved phase 
in low-k 
material [g] 
System Mass 
Balance [g]
b
 
Percent 
mass 
accounted 
for [%] 
Percent mass 
removed from 
effluent [%] 
 
A B C D [A - (B+C+D)]   
Octane 50.85 48.34 0.88 0.00 1.63 97 2 
n-Propylbenzene 9.97 7.63 0.75 0.01 1.58 84 7 
1,3,5 TMB 5.15 3.64 0.43 0.01 1.08 79 8 
Ethylbenzene 10.34 7.28 1.64 0.07 1.35 87 16 
o-Xylene 10.86 7.65 1.80 0.07 1.33 88 17 
p-Xylene 9.90 7.19 1.56 0.06 1.10 89 16 
Toluene 9.37 5.57 3.17 0.21 0.42 96 34 
Benzene 1.38 0.38 1.08 0.11 -0.19 114 78 
MTBE 2.28 0.02 1.77 0.02 0.47 79 78 
TPH 110.11 87.70 13.08 0.55 8.78   
a 
These values were calculated by integrating the soil concentration profiles collected for the source region at the 
end of the experiment 
b 
These values show the initial source mass, minus the remaining mass after 320 days of horizontal flow, minus the 
mass removed in the horizontal flow.  A value of zero would indicate all the system mass was accounted for.  A 
positive value means that more mass was accounted for at the end of the experiment, than was in the system 
initially.
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APPENDIX F: TYPE-3 SOURCE EXPERIMENT ADDITIONAL DATA 
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AF.1. Tank Startup 
The following Figure AF 1 shows the tank saturation progression at the start of 
the experiment. The following Figure AF 2 shows the low-K/high-K interface after the 
dye tracer progressed across the tank.  The photo shows fluorescein diffusing into the 
lower permeability region. 
 
 
Figure AF 1. A series of photos showing the wetting front during tank flooding. 
 
 
Figure AF 2. A photo showing dye diffusion into lower permeability region. 
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The following AF 3 – AF12 display the Type-2 interior concentration profiles. 
 
Figure AF 3. Transect concentration profiles 56 days after start of experiment. 
 
Figure AF 4. Transect concentration profiles 84 days after start of experiment. 
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Figure AF 5. Transect concentration profiles 112 days after start of experiment. 
 
Figure AF 6. Transect concentration profiles 140 days after start of experiment. 
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Figure AF 7. Transect concentration profiles benzene entire experiment. 
 
Figure AF 8. Transect concentration profiles cyclohexane entire experiment. 
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Figure AF 9. Transect concentration profiles ethylbenzene entire experiment. 
 
 
Figure AF 10. Transect concentration profiles p-xylene entire experiment. 
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Figure AF 11. Transect concentration profiles n-propylbenzene entire experiment. 
 
Figure AF 12. Transect concentration profiles 1,3,5 trimethylbenzene entire experiment. 
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AF.2. Sorption Study Method 
 The following list details the procedure for setting up and conducting the Type-3 
sorption studies: 
· Approximately 1-2 kg of the collected source soil was left to dry in an open fume 
hood for a week.  This minimized the residual moisture content of the soil prior to 
the sorption studies, and ensured all remaining hydrocarbon mass volatilized. 
· After drying, approximately 20 g of soil was added to each of twelve, pre-cleaned 
40 mL VOA vials.  
· Nitrogen gas was blown into the top of each vial to help displace oxygen and 
avoid aerobic degradation of hydrocarbons during the sorption studies.  Note that 
the oxygen was blown into the vials at a flow rate low enough so that no soil was 
displaced from the vials. 
· A large dissolved hydrocarbon stock solution was made in a 14-L glass carboy 
container.  The container was chosen because it was outfitted with a glass spigot 
and sampling port at the bottom, which allowed for easy transfer of dissolved 
stock to the sorption vials.   
· In order to make the stock solution, 12 L of distilled water was added to the 
carboy and sparged with nitrogen until the dissolved oxygen content was 
measured below 0.5 mg DO/L-water.  Nitrogen sparging of the water was 
completed to ensure that no aerobic degradation could take place inside the 
sorption vials. 
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· Volumes of hydrocarbon chemical were added to the carboy to establish dissolved 
concentrations similar to those experienced in source zone at the beginning of the 
Type-3 experiment. 
· A 50 mL glass syringe was used to transfer 20 mL of the dissolved hydrocarbon 
stock into three of the premade sorption vials.  Note that the 20 mL of stock was 
injected into each vial through the septa-cap to prevent volatilization loss.  A 
plastic syringe was used to pull 20 mL of vapor from each vial’s headspace, to 
maintain a pressure equilibrium.  
· A 5 mL glass syringe was used to inject 2 mL of stock into 3 other sorption vials 
(already containing 18 mL of clean water).  Vapor was also removed from the 
vials’ headspace to maintain pressure equilibrium. 
· A 500 uL glass syringe was used to inject 200 uL of stock into 3 other sorption 
vials (already containing 19.8 mL of clean water).  Again, vapor was removed to 
maintain pressure equilibria. 
· 20 mL of clean water was added to the remaining 3 sorption vials.  These vials 
acted as controls to establish if any hydrocarbon mass was sorbed to the soil prior 
to the addition of the stock solution. 
· 20 mL of hydrocarbon stock was added to three vials containing no soil.  These 
vials acted as controls to establish if any hydrocarbon mass would leak from the 
vials during the sorption study. 
· All 15 vials were shaken well and inverted (caps down) in a water bath.  The bath 
was set at room temperature. 
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· After three days, each vial was sampled to determine the mass partitioning 
between the soil, water, and vapor phases.  Correlations between sorbed and 
dissolved concentrations were analyzed across the three orders of hydrocarbon 
mass studied. 
 
Figure AF 13. Effective foc vs. dissolved concentration 
 
 
 
 
 
